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FOREWORD 

This report presents  t he  second vplume o f  a two-volume f i n a l  
report on a m e - y e m  sts53 e n t i t l e d  "Ariaiysis of Apollo Space- 
c ra f t  Parachutes. (The companion volume is l i s t e d  as Reference 
1.) This s t u d y  was performed by Northrop Ventura f o r  NASA/'MSC 
under  Contract NU-9-8131. Messrs. Y. A. S i l v e i m ,  K. Hinson 
and C. Eldred of NASA/FISC monitored and reviewed the study. 
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"his s t u d y ,  designated as Project 0111 a t  Northrop Ventura, 
was carried out  w i t h  d i r e c t i o n  from t h e  Systems Engineering 
G r o u p  under Mr. R. G .  Iemm. Program d i r e c t i o n  was provided 
by Mr. T. W. Knacke of the Advanced Design Group, and the  
Project Engineer was Mr. F. E. Mickey of the Aerospace Landing 
Systems P ro jec t  Office. 

P r inc ip l e  a u t h o r s  of the  sections i n  t h e  body of the report 
are as follows: 

M r .  W. M. M u l l i n s ,  Sec t ion  3; 
Mr. D. T. Reynolds, Sec t ion  4; 
Dr. K. G. Lindh, Sec t ion  5; and 
Mr. M. R. Bottorff, Sec t ion  6. 

The authors g r e a t f u l l y  acknowledge the  con t r ibu t ion  of Mr.  
R. L. Ranes i n  the development o f  the s t r u c t u r a l  a n a l y s i s  
methods presented i n  Sec t ion  3 and also t h e  valuable a s s i s t a n c e  
of M r .  A. J. McEwan, who prepared Sec t ion  5.5. 
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ABSTRACT 

The major factors i n  s t ructural  a n a l y s i s  of parachutes ape re- 
viewed, i n c l u d l r g  u l t i m a t e  strength, design f a c t o r s ,  safety 
f a c t o r s ,  e x t e r n a l  loadirg, and i n t e r n a l  loading of the  ind iv idua l  
s t r u c t u r a l  members. A method f o r  couiputing the i n t e r n a l  load 
d i s t r i b u t i o n  f o r  a parachute  wi th  a given a p p l i e d  riser load 
and canopy d i f f  + ren t l a1  p res su re  d i s t r i b u t i o n  is  presented, 
and cornparisofis of the p red ic t ed  canopy shapes and i n t e r n a l  
loadings w i t h  Apollo development test r e s u l t s  are given. me 
ana lys i s  discussed above is modified t o  g i v e  better r e p r e s e n t a t i m  
of ribbon parachutes wi th  v e r t i c a l  ribbons, a.?d a comparison of 
r e s u l t s  of the two analyses  is given. A s t u d y  of data obtained 
i n  dynamir. loading tests of p i l o t  chute risers adds to  the  under- 
s tanding of the effects of high load onse t  rates which occur 
a t  main parachute canopy stretch. A s tudy  of methods for measuring 
parachute aerodynamic and i n t e r n a l  loading is perfmmed, and a 
p lan  is developed fo r  a three-phase test program t o  acquire needed 
data. 
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SECTION 1.0 

INTRODUCTION 

The Apollo parachute landing sys t em was desGned,  developed and 
quaIii'l-Yl by Northrop Ventura d u r i n g  t h e  pe r iod  1962-1968. I n  
the normal coi;f?e of t h i s  developnent, many f l i g h t  tests w e r e  
made, and extensive aata on the  performance of t h e  Apollo space- 
c r a f t  p?rachutes w e r e  co l l ec t ed .  These d a t a  were used as  the  

bas i s  f o r  developirg the  methods t h a t  have been used d u r i r g  the  
course o f  the f l i g h t  test program f o r  estimating loads and i n  
making s t r u c t u r a l  analyses f o r  the three Apollo parachute as- 
s e m b l i e s :  the drogue,  p i l o t  and main parachutes. 

It was recognized that there  would be s u b s t a n t i a l  value i n  an 
ana lys i s  e f f o r t  that  would revieK a l l  the f l i g h t  t?st data a t  
me time. I n  p a r t i c u l a r ,  it was seen that an a n a l y s i s  e f f o r t  
a t  t h i s  time would be free of the day-to-day p r e s s u r e s  assoc ia ted  
wi th  a development pmgram, and t h a t  consequently it could up- 
grade the loads and stress a n a l y s i s  methods used f o r  the Apollo 
aarachutco i n  ways that  could not  have been done previously.  The 
present  s t u d y  was the re fo re  authorized with the  ob jec t ive  o f  up- 
grading and impmvirg the loads,  stress and per formnce  pre-  
d i c t i o n  methods f o r  the  Apollo spacecraft parachutes. Also, i n -  
cluded i n  t h i s  s t u d y  are the  three a d d i t i o n a l  tasks: 
ideas f o r  a new t h e o r e t i c a l  approach t o  the parachute opening 
process, 
techniques t o  improve the measurement of p r e s s u r e s ,  stresses and 
s t r a i n s  i n  i n f l i g h t  parachutes, and (3) conductirrg a computer 
s t u d y  t o  expla in  the data obtained i n  c e r t a i n  riser dynamics tests 
performed a t  Northrop V e n t u r a  i n  1967. 

(1) developirg 

(2) developirlg ideas for  new experimental-analyt ical  
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The r e s u l t s  of the  s t u d y  a re  publ ished i n  two volumes a s  follows: 

INVESTIGATION OF PREDICTION METHODS POR THE LOADS 
AND STRESSES OF APOLLO TYPE SPACECRAFT PARACHUTES 

VOLUME I - LOADS 
and 

INVESTIGATION OF PREDICTION METHODS FOR THE LOADS 
AND STRESSES OF APOLLO TYPE SPACECM PARACHUTES 

VOLUME I1 - STRESSES 

The present volume is VOLUME 11 - STRESSES. The companion 
\rolume is l i s t e d  as Reference 1. 

1.1 INTRODUCTION TO VOLUME I1 

Increases  i n  the Apollo spacecraft  weight without corresponding 
increases  In recovery system w e i g h t  and volume brought about a 
need for increased accuracy i n  the s t r u c t u r a l  ana lys i s  cf para- 
chutes. Improvements i n  the predict ion of material and j o i n t  
strengths were made by laboratory testing and by u s e  of prob- 
a b i l i t y  theory. Improvements i n  the predic t ions  of i n t e r n a l  
load d i s t r i b u t i o n  were accomplished by development of improved 
ana ly t i cz l  methods. 

The i n t e r n a l  load ana lys i s  method that was evolved during the 
Apollo development programs was a s i g n i f i c a n t  advance i n  the s t a t e  
of the art.  However, the f u l l  p o t e n t i a l  of the method was not 
u t i l i z e d  because of the press of schedule. A large number of 
hand ca lcu la t ions  were required to  obtain a so lu t ion  so that 
only a l tmlted number of conditions could be investigated,  even 
w i t h  a simplified s t r u c t u r a l  m o d e l .  Correlat ion of the  a n a l y t i c a l  
results w i t h  test data was also limited.  

The purpose of t h i s  study is to  further Improve the s t r u c t u r a l  
ana lys i s  methods. Use is made of the  Apollo f l i g h t  test data to 
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cormbora te  and r e f i n e  the s t r u c t u r a l  ana lys f s  methods. A d i g i t a l  
computer program developed during t h i z  study is  used t o  i n v e s t i -  
ga t e  t h e  i n t e r n a l  load d i s t r i b u t i o n  during t h e  deployment process 
t o  a degree not prevfously possible .  T h i s  aiXilySiS i s  f u r t h e r  
extended to give more r e a l i s t i c  modeling of ribbon parachutes. 
An inves t iga t ion  of p i l o t  chute riser dynamics u t i l i z i n g  Apollo 
laboratory test da ta  is  a l s o  included. The need for  add i t iona l  
information on tne aerodynafiic fo rces  a c t i n g  on parachGtes 
d u r i n g  deployment is deconstrated,  and a p lan  fo r  acquir ing t h i s  

data  is developed. 

Sect ion 1.2 i s  a review of the  l i t e r a t u r e  on parachute s t r u c t u r a l  
ana lys i s .  s t a r t i n g  w i t h  the  work of Jones and Taylor published i n  
1923. I n  Sect ion 2 the  major terns used i n  the s t r u c t u r a l  aralysis 
of parachutes a r e  defined and discussed. 

The meShods for determining i n t e r n a l  loads used i n  t h i s  s t u d y  are 
derived i n  Sect ion 3, and flow diagrams of two computer programs, 
CANO and CANO 1 which implement t h e  analyses a r e  given. 

I n  Sect ion 4 t h e  ana lyses  discussed above are appl ied  to the  
Apollo drogue, p i l o t  and main parachu:es, and the resul ts  are 
comparzd wi th  test  data accumulated during the  Apollo development 
and q u a l i f i c a t i o n  tes t  programs. Included in Sect ion  4 a r e  t h e  

following analyses:  Drogue chute reefed -- i n t e r a l  load d i s t r i -  
but ion and comparison of shape with test  photographs; Drogue chute 
disreefed -- modeling s e n s i t i v i t y  study, pressure  d i s t r i b u t i o n  
s e n s i t i v i t y  study, canopy growth study, f i l m  ana lys i s ,  f a i l u r e  
ana lys i s ,  and v e r t i c a l  r iobon load ana lys i s ;  P i l o t  parachute -- 
i n t e r a l  l o a d s  a n a l y s i s  arid film ana lys i s ;  Main Parachute i n t e r n a l  
load ana lys i s ,  fa i lure  ana lys i s ,  p ressure  d i s t r i b u t i o n  and film 
analys is ,  stress-the his tory ,  and opthum weight ca lcu la t ions .  

I n  Sect ion 5, a study of t h e  dynamic loading of p i l o t  parachute 
risers is given. 
measuring the parachute canopy d i f f e r e n t i a l  pressure and i n t e r n a l  
loads . 

Sect ion 6 is  a s t u d y  of t h e  techniques fo r  
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1.2  LITERATURE SURVEY - STRESS ANALYSIS METHODS 

The stresses i n  a pa racmte  canopy are dependent on the i n f l a t e d  
shape, which i n  t u r n  depends on the stress d i s t r i b u t i o n .  This 
i n t e r a c t i o n  requires t h a t  the so lu t ions  02 canopy stresses and 
shape be obtained simultaneously. It is understandable, there- 
fo re ,  t h a t  much of  the e f f o r t  i n  parachute stress ana lys i s  is 
concerned with canopy %apes. 

The earliest  a n a l y t i c a l  s t u d i e s  of parachute canopy shapes were 
performed by the B r i t i s h  i n v e s t i g a t o r s  Taylor, Southwell, G r i f f i t h s ,  

Jones, and Williams a t  the Royal Aircraft Establishment i n  1919. 
2 

This work was sumnarized by Jones i n  1923 The t h e o r e t i c a l  
canopy shape (known as the  Taylor Shape) that was derived has 
served as t he  basis for mst t h e o r e t i c a l  work u n t i l  r ecen t  times. 

The "Taylor  Shape" is the shape t h a t  would be assumed by an axi-  
symmetr ic  parachute w i t h  a n  i n f i n i t e  n m b e r  of  suspension l i n e s  
and zero hoop stress. Taylor reasoned t h a t  t h i s  shape, which is a 
s m f a c e  of revolu t ion  i n  the l i m i t ,  would be t he  f l a t t e s t  possible 
and therefore  the optimum p r o f i l e .  He then- concluded that  the 
excess material i n  the pleats o r  bu lges  could be removed without 
a f f e c t i n g  the p ro f i l e ,  thereby g iv ing  a parachute of  minimum weight. 
Although h i s  reasoning a t  t h i s  po in t  was erroneous, (the effect  
of the  excess material iri the bulges does not disappear as the 
number of  suspension l i n e s  approaches i n f i n i t y ) ,  the  shape derived 
g i v e s  a good approximation o f  the rad ia l  tape p r o f i l e s  o f  con- 
vent ional  parachutes. 

Taylor a l s o  formulated the equat ions f o r  equi l ibr ium and cont inui ty  
i n  a gore bulge and showed that  h i s  equat ion i n  genera l  form is 
equivalent  t o  the general  membrane equation. 
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If the d i f f e r e n t i a l  pressure i s  uniform over a canopy, t h e  Taylor 
shape i s  d e f i n e d  by:  

3 

where : 

r = the l o c a l  half-diameter 
a = the maximum half-diametcr 
d = angle between t h e  c e n t r a l  a x i s  

and a normal t o  t h e  canopy 
sur face  

Tables of rectangular  coodinates f o r  the  p r o f i l e  curve a r e  given 
i n  Reference 2 f o r  t h e  constant  pressure case and two nonuniforrr, 
d i s t r i b u t i o n s  expressed i n  func t iona l  form. 

Equations are a l s o  developed by  the o t h e r  au thors  f o r  shapes iri 
which t h e  hoop stress is  not zero, and tables  of rec tangular  
coordinates  are given f o r  cases  i n  which the hoop tension is  
constant  o r  va r i e s  a s  a func t ion  of r. Weight estimates are 
presented f o r  parachutes constructed to  these t h e o r e t i c a l  shapes 
and c l o t h  s t r e s s e s  a r e  given. Sect ion 3 of Reference 2 grves 
resu l t s  of wind tunnel tests of these parachute shapes, including 
pressure  and force  measurements. 

I n  1942 Stevens and Johns' considered t h e  case of a parachute w i t h  

a f i n i t e  number of suspension l i n e s  which extended over the canopy. 
The cords were made s h o r t e r  than t h e  gore panels so t h a t  the c l o t h  
ca r r i ed  only h@op stress. Through an overs impl i f ica t ion  of t h e  

geometry t h e  erroneous conclusion was drawn t h a t  t he  tension I n  
t h e  cords would be constant  from s k i r t  to vent. It i s  i n t e r e s t i n g  
t o  note tha t  i n  t h e  analyses  of Taylor the c l o t h  stresses were i n  
t h e r  meridional d i r e c t i o n  only, while  Stevens and Johns obtained 
t h e  same shape by assuming c l o t h  s t r e s s e s  to  be i n  the boo:) 

d i r e c t i o n  only. 
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Beck4 summarized the  German work on parachutes i n  1942. 
pressions are given f o r  membrane stresdes i n  su r faces  of revolu t ion  
f o r  constant  and l i n e a r l y  varying pressures.  

Ex- 

Inves t iga t ions  of conica l  r ibbon parachutes were conducted by 
Jaeger, Culver and Della-Vedowa of Lockheed A i r ~ r a f t S - ~  
1952. A method was developed f o r  estimating t h e  maximum h o r i -  
zonta l  ana r a d i a l  tape loads  i n  con ica l  ribbon parachutes loaded 
by unifDrm pressure. The u p p e r  port ion of the canopy was assumed 
t o  be a cone with zero meridional load and the lower portion was 
assumed t o  be an e l l i p s o i d ,  with zero  hoop tension. 

i n  

A comprehensive r epor t  by Topping, Marketos, and Costakos9 
1955 brought toge ther  a l l  previous work i n  the f i e l d  of parachute 
stress ana lys i s .  This work approaches the  p r a c t i c a l  limit of 
refinement i n  the  approach used,  i .e. ,  the f i t t i n g  of  func t iona l  
curves t o  the parachute shapes. Analytical  s o l u t i o n s  are given 
f o r  f u l l y  inf la ted shapes of s o l i d  f l a t ,  extended s k i r t ,  personnel 
g u i d e  surface and conical  r i n g s l o t  parachutes loaded  by uniform 
pressure. Various modif icat ions t o  the  Taylor equation were made 
t o  b e t t e r  approximate shapes observed i n  photograph of parachutes 
i n  s t e a d y  descent.  Radial  cord tens ions  and c l o t h  stresses con- 
s i s t e n t  w i t h  the a n a l y t i c a l l y  determined shapes were calculated.  
Several  reF7esentat ive dimensions obtained from the a n a l y t i c a l  
s o l u t i o n  f o r  each o f  the f o u r  t y p e s  of parachutes s t u d i e d  agreed 
wi th  corresponding dimensions obtained f r o m  phctographs within 
9 percent. For the f l a t  canopy, dimensions agreed wi th in  about 
4 percent. 
ceptable,  it should be pointed ou t  that the v a r i a t i o n  i n  stress 
impl i ed  is  much greater than the percentages given. For a t y p i c a l  
nylon material (MIL-C-7020 Type I, c l o t h )  5 percent v a r i a t i o n  i n  
s t r a i n  corresponds t o  a 50 percent change i a  stress. The e f f e c t s  
of varying such parameters as the suspension l i n e  length,  number 
of gores  and cone angles,  as well as the e f f e c t  of o t h e r  de ta i l s ,  
were s tudied .  

i n  

Since t h i s  degree of accuracy might appear t o  be ac- 
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A general ized equation f o r  Taylor type cu rves  was given by 

Lester'' i n  1962. 

a 

By varying the parameter A, a family of curves i s  generated 
which may be used t o  represent  d l f f e r e n t  parachute types.  

Heinrich, together  w i t h  Monson and Jamison developed a 
method t o r  computing canopy c l o t h  s t r e s s e s  f o r  a known p r o f i l e  
and pressure d i s t r i b u t i o n .  Since the gore c e n t e r l i n e  i s  usual ly  
the p r o f i l e  observed i n  photographs, equations were developed 
using t h i s  p r o f i l e .  A s e t  of f i v e  simultaneous equat ions a r e  
given which can de solved by an i t e r a t i v e  process t o  ob ta in  c l o t h  
s t r e s s e s .  T h i s  method is a l s o  presented i n  the "Parachute 
Handbook .. w15 

A dynamic a n a l y s i s  presented by Asfour'' i n  1966 is  based ori the 
assumption that the major ( c i r cumfe ren t i a l )  s t r e s s  i s  a r e s u l t  of 
a dynamic fo rce  i n  a plane parpendicular t o  t h a t  of the  opening 
shock. Circumferent ia l  s t r e s s e s  a r e  computed by equat ing the 
energy absorbed by the c l o t h  to the k i n e t i c  energy of the a i r  mass 
expanding t o  f i l l  the canopy during i n f l a t i o n .  It i s  assumed 
t h a t  each hor izonta l  member forms a c i r c u l a r  r i n g  around the 
canopy, i .e . ,  the bulges disappear,  a t  the time of maximum s t r e s s .  
T h i s  assumption, together  with t h a t  of a l i n e a r  s t r e s s - s t r a i n  
r e l a t ionsh ip ,  g ives  these r i n g s  l i n e a r  sp r ing  r a t e s  and makes i t  
poss ib le  t o  so lve  the energy equation i n  closed form. 

I n  the Apollo Block I s t r e s s  a n a l y s i s  
t r ea t ed  the parachutes a s  sur faces  of revolu t ion .  The p i l o t  
chute and t h e  reefed drogue and main parachutes  were assumed t o  be 
hemispheres loaded by uniform pressure.  Analysis of the drogue 

and lo Speakman and Topp 
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and main parachutes i n  the f u l l  open condi t ion  were improved by 

approximating the shape observed i n  d r o p  t e s t  photographs by 

e l l i p s o i d s .  I n  t he  a n a l y s i s  of the rnain canopy, f u r t h e r  r e f i n e -  
ment was made by u s i n g  a nmuniform pressure d i s t r i b u t i o n  based 
on s teady s t a t e  wind tunnel  t es t  results.  

I n  the Apollo Block I1 stress a n a l y s i s  of t h e  main parachute  by 

Ranes, Topp and Utzman,18 a new method was used which accounted 
f o r  thc e f f e c t  of the  b u l g i n g  of  t he  s a i l s  between the  r a d i a l  
t a?es  and f o r  the r e l a t i o n s h i p  between meridional curva ture  and 

forces .  Pressure d i s t r i b u t h n  data  from k'ind tunnel  tes ts  were 
incorporated and the curva ture  o f  t h e  r a d i a l  tapes was assumed 
t o  be  e l l i p t i c a l .  S a i l  s t r a i n  compat ib i l i ty  was used  to  s e l e c t  
a b e s t - f i t  e l l i p s e .  While t h i s  method represented a major s t e p  
i n  development o f  a r a t i o n a l  a n a l y t i c a l  method, i t  was l i m i t e d  
by i t s  r e l i a n c e  on a func t iona l  curve t o  descr ibe canopy curvature .  
I n  e f f e c t ,  the  canopy was forced i n t o  a convenient shape without 
regard f o r  l o c a l  member s t i f f n e s s .  A s  pointed o u t  i n  t h a t  ana lys i s ,  
a change o f  4 percent i n  the diameter a t  a pa r t i cu la r  s e c t i o n  
could r e s u l t  i n  a 50 percent  change i n  the ca l cu la t ed  stress. 

I n  the Block I1 ' (H)  Program, a major s t e p  was taken i n  the  d e -  

velopment of 8 more r e a l i s t i c  method f o r  determining the load 
d i s t r i b u t i o n  i n  a parachute canopy. This method, which i s  given 
1.n Sec t ion3 ,de te rmines  the unique shape and i n t e r n a l  load  d i s t r i -  
b k t h n  which sa t i s f i e s  e q u i l i b r i u m  and boundary condi t ions  f o r  a 
given pagachute and a p p l i e d  loading. The f i n a l  stress a n a l y s i s  
f o r  t he  Apollo Block I1 ( H ) l 9  used t h i s  method. 
c a t i o n  of t h e  method by c o r r e l a t i o n  w i t h  t e s t  resul ts  was limiteu. 
Ver i f i ca t ion  and continued refinement o f  the  method by c o r r e l a t i o n  
w i t h  t he  tes t  data obtained i n  the Apollo ELS t e s t  program i s  one 
of t he  g o a l s  of t h i s  s t u d y .  

However, v e r i f f -  
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SECTION 2.0 
DISCUSSION OF PARACHUTE STRUCTURAL, ANALYSIS 

The major f a c t o r s  encompassed i n  the s t r u c t u r a l  a n a l y s i s  of 
a parachute are  those appnaring i n  t h e  margin o f  s a f e t y  equation. 

Ultimate s t rength  x design f a c t o r s  
L i m i t  load x s a f e t y  f a c t o r  

- I MS = 

Each of these  f a c t o r s  i s  discussed i n  the  paragraphs below. 

2.1 M A R G I N  OF SAFETY 

The margin of safety o f  a component i s  t h e  r a t i o  of  excess 
strength t o  the  required s t r eng th  of the  component. 
des ign  would have a zero or small p o s i t i v e  margin of safety 
f o r  every member. 

An ideal  

2.2 SAFETY FACTOR 

The safety f a c t o r  is the rat19 of the  requi red  ult imate s t rength  
t o  the limit load appl ied t o  a ~nember under t h e  worst  case t h a t  
can be expected t o  occur  w i t h  reasonable  p robab i l i t y  wi th in  the 

envelope of normal opera t ing  condi t ions .  This is t he  ignorance" 
f a c t o r  whLch c.3vers t he  u n c e r t a i n t i e s  i n  load and s t rength  p re -  
d i c t ions .  Since the  weight and volume of t h e  parachute w i l l  vary 
almost l i n e a r l y  with t h i s  f a c t o r ,  i t  is desirable  t o  use the 
lowest f a c t o r  c o n s i s t e n t  wi th  t h e  accuracy o f  the analyses .  

11 

\ 

2.3 DESIGN FACTORS 

Design f a c t o r s  account f o r  reduct ion i n  u l t imate  strength due 
t o  environmental degradat ion and f o r  i nc reases  i n  some member 
loads d u e  t o  nonsymmetrical loading of t h e  parachute. 
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2.4 ULTIMATE STREPJG TH 

The u l t imate  s t rength  cf a parachute member is u s u a l l y  l i m i t e d  
by t h e  s t rength  c f  s p l i c e s  w i t h i n  t h e  member o r  a t  :oints  w i t h  

o t h e r  members. I n  the Apollo program, r ep resen ta t ive  j o i n t s  
were tes ted t o  d e s t r u c t b n  i n  tne  labora tory  t o  de te rmine  the 
expected s t r eng th  of the  j o i n t s  r e l a t l v e  t o  the base mater ia l  
s t r eng th .  

J o i n t  s t r e n g t h  
Base material s t r e n g t h  

J o i n t  e f f i c i ency  = 

and 

Ultimate Strength = Material  Ra ted  S t rength  x J o i n t  Eff ic iency 

S t r eng ths  based on s t a t i c  (low speed)  j o i n t  aild material tests 
are present ly  used f o r  most members. For p i l o t  parachute risers, 
however, there is evidence that the high load onse t  ra te  a t  
t i m e  o f  canopy s t r e t c h  g ives  important dynamic effects.  Sec t ion  
5 is a s t u d y  of  the behavior of the Apollo p i l o t  chute  riser 
u n d e r  dynamic loading. 

2.5 LIMIT ILIAD 

The l i m i t  load i n  a member i s  a func t ion  of the ex te rna l  loading 
on  the  parachute and of  the i n t e r c a l  d i s t r i b u t i o n  of  t h i s  loading. 

2.5.1 External Loadire  

P r i m a r y  e x t e r n a l  loads  on a parachute are the riser load and 
the  r eac t ing  d i f f e r e n t i a l  pressure on the canopy surface.  Most 
of t h e  e f f o r t  i n  parachute loads  a n a l y s i s  is di rec ted  toward pre-  
d i c t i o n  of riser loads ,  and methods have been developed which 
p red ic t s  t h i s  load w i t h  a high degree of  accuracy. (See, f o r  
example, Volume 1). 

There is very l i t t l e  q u a n t i t a t i v e  informatioii on t h e  d i f f e r e n t i a l  
pressure d i s t r i b u t i o n  on parachute canopies. The most meaningful 
empir ica l  data  a v a i l a b l e  comes from the work dcne by Melzig. 
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References 20 and 21 g ive  t h e  results of wind  tunnel  and f ree  
f l i g h t  tests i n  which l o c a l  pressures  were measured a t  f o u r  
po in t s  i n  parachute canopies d u r i n g  opening. F u r t h e r  d i s -  

cussion of the d e t a i l s  of these t e s t s  is given i n  Sect ion 6.  

Figure 1 is a p l o t  of t h e  d a t a  f o r  a t yp ica l  wind tunnel r u n  
from Reference 20. The v a r i a t i o n  i n  d i f f e r e n t i a l  pressure coef- 
f i c i e n t  versus  time a t  the fou r  pressure t ransducers  is shown. 
I t  is seen t h a t  a pressure peak starts a t  the vent and moves 
-*ap.tdly down the  canopy t o  the  s k i r t .  Corre la t ion  w i t h  load -  
time t r a c e s  show tha t  maximum load occurs a t  approximately 
the  time t h i s  Feak reaches the s k i r t ,  al though develcpment of 
maximum canopy projected area occurs  somewhat l a t e r .  

The r e su l t s  of  d r o p  t e s t s  given i n  Reference 21 d i f f e r  from the  
wind tunnel  d a t a  i n  tha t  the  pressure peak never reaches the 
s k i r t  because of the decay i n  the dynamic pressure d u r i n g  openrng 
under f i n i t e  mass condi t ions.  
f o r  the t e s t s  of Reference 21. It would be expected tha t  behavior 
of t he  more h ighly  loaded spacec ra f t  parachutes would be some- 
where between the l i m i t s  explored i n  References 20 and 21. 

Canopy loading was very low ( l / 3  p s f )  

For  reefed parachutes there  are no pressure measurement data 
ava i l ab le .  I n  the stress-time s t u d y  of Sec t ion  4.3.4, the  f e a s i -  
b i l i t y  of i n f e r r i n g  the pressure d i s t r i b u t i a n  from the shape of 
a parachute i s  explored. 

2.5.2 I n t e r n a l  L o a d i w  

Loads i n  the ind iv idua l  parachute members f o r  a g iven  riser 
load and pressure d i s t r i b u t i o n  are determined by the method g iven  
i n  the  following sec t ion .  
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SECTION 3 
PARA( .  -JTE INTERNAL rnm DISTRIBUTION 

The determlnation of  the i n t e r n a l  load d i s t r i b u t i o n  f o r  a g iven  
parachute and set o f  ex terna l  loads is  the subjec t  of t h i s  sec t ion .  

The basic ana lys i s  method, which has been implemented i n  a com- 
p u t e r  program ca l l ed  CANO, is derived i n  Sec t ion  3.1 This 
ana lys i s  is used f o r  m m t  o f  the  test  data c o r r e l a t i o n  work  i n  
Sect ion 4. A f u r t h e r  refinement of the ana lys i s ,  which is i m -  
plemented i n  Program CAW 1, is presented i n  Sect ion 3.2. 

3.1 PROGRAM CANO - AN INTERNAL LOAD ANALYSIS POR PARACHUTES 

The ana lys i s  nethod which follows determines the unique shape 
and i n t e r n a l  load d i s t r i b u t i o n  which satisfies e q u i l i b r i u m  and 
boundary condi t ions f o r  a g iven  parach;ite under the inf luence  
o f  known riser and aerodynamic forces .  

This ana lys i s  1; appl icable  to e i ther  reefed o r  f u l l y  open 
symmetrical des igns ,  W I C ~  as the ribbon, r i rgslot ,  and ringsail 
parachutes, which have meridional members which may be assumed 
t o  carry a l l  meridional fo rces .  

A general  desc r ip t ion  of the  method and assumptions is g iven  
f irst ,  followed by de r iva t ion  of the equat ions and a s o l u t i o n  
algorithm. 

3.1.1 Description of  t he  Method 

The parachute is  treated as a dei’ormable membrane, ana f i n i t e  
elements are used to represent  the structure.  The s t ruc tu ra l  
model of the canopy c o n s i s t s  of ho r i zon ta l  s l ices  ( o r  segments) 
conveniently spaced along the meridional members f r c m  the s k i r t  

t o  the vent. Each segment is def ined by its length along the  
meridian, the free length o ?  the hor izonta l  member connecting 
adjacent  meridional members, and the load s t r a i n  curves  f o r  these 
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members. Loads and geometry are computef a t  reference s t a t i o n s  
located a t  the  midpoints of the  segments. 

The followil7g assumptions are made: 

1) Meridional curvature  is constant  over each segment, 
and the cltrvatures of adjacent  segments are tangent 
a t  their  junct ions.  

2 )  A l l  meridimal fo rces  are i n  the meridional members 
[radj a1 tapes ) . 

3)  Horizontal members have m meridional curvature,  b u t  

each has a constant  r ad ius  of curvature  which is 
nmmal to  the meridional member a t  the  reference 
s t a t  ion. 

The s i m p l i f y i n g  assumptions given above make it possible t o  
compute the end reac t ion  of  a hor izonta l  member as a free body. 
This end r e a c t i o n  is then resolved i n t o  three m u t u a l l y  perpendi- 
cu l a r  fo rces  tangent and normal to  the meridional member, from 
which the loading and radius of curvature  of  the meridional 
member can be computed. 

The v a r i a t i o n  of d i f f e r e n t i a l  p r e s s u r e  along the mer id ian  is 
represented by a nondimenslonal d i s t r i b u t i o n  curve. Magnitude 
of the d i f f e r e n t i a l  pressure is adjusted t o  give o v e r a l l  fo rce  
balance by two f a c t o r s ;  
projected area o f  the s k i r t ,  and 2 )  an i n t e g r a t i o n  f a c t o r  
which a c c o m t s  for  the  shape of  the d i s t r i b u t i o n  curve and the  
geometric p o r o s i t y  of  the model. 

1 )  the average pressure a c t i n g  on the 

A s o l u t i o n  is obtained f o r  a t r ia l  s k i r t  diameter and pressure 
i n t e g r a t i o n  f a c t o r  by establishing e q u u i b r i u m  geometry, first 
a t  the s k i r t  then a t  each successive s t a t i o n  t o  the vent. This 
t r i a l  s o l u t i o n  is then examined fo r  compat ib i l i ty  with boundary 
condi t ions a t  the vent. (See d i scuss ion  below) This process 
is repeated with corrected t r i a l  s k i r t  diameters and pressure 

14 NVR-6432 



f a c t o r s  u n t i l  the  boundary condi t ions  a t  t he  vent a r e  sat isf ied 
and an ove ra l l  fo rce  balance is achieved. 

Boundary condi t ions  a t  the vent are checked as follows: The 
load i n  a meridional member a t  the vent band s t a t i o n  is reacted 
by a vent  l ine .  The stretched ’ z th  of t h e  vent l i n e  unde r  
t h i s  loadiw is compared wi th  t t  - computed diameter, The Dther  
boundary condi t ion  is  zero  s lope  of the  meridian a t  the  vent, 
if an idea l ized  case  i n  which no pressure is ac t ing  on the vent  
lines is corsidered. This s i n g u l a r i t y  ig avoided i n  a practical  
manner by allowing a small pos i t i ve  s lone,  This s lope  is l imited 
by a requirement tha t  t h e  t o t a l  v e r t i c a l  component o f  the  m e r i -  
dional member loads  not  exceed 75 percent of the force ;:?at would 
be produced by the  local p r e s s u r e  acting on a n  area equal t o  
tha t  of the vent. 

3.1.2 Derivation of Equations 

Since the s o l u t i o n  pmceeure is not straightforward, no a t t e m p t  
is ,*de t o  follow the computing sequence i n  the de r iva t ions  
which follow. A s o l u t i o n  algori thm is shown i n  the  form of a 
flow diagram of computer pmgram CAN0 i n  Figure 2, page 26. 
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E q u i l i b r i u m  below the s k i r t  - unreefed 
A p r o f i l e  view of a f u l l y  i n f l a t e d ,  unreefed parachute is shown 
below. 

For a g iven  s k i r t  diameter, equi l ibr ium geometry is established 
as follows: 

where: a = suspension l i n e  convergence angle 
LA = i n i t i a l  length of sumens ion  l i n e s  
'L = s t r a i n  of the suspension l i n e s  under  load, PL 
V = appl ied riser load 
M 

Equations (1)  and (2 )  are solved simultaneously by the method 

shown i n  Figure 3, page 27. 

= number of suspension l i n e s  ( a l so  number of g o r e s )  
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Equilibrium below t h e  ef fec t i v e  s k i r t ,  reefed 

For reefed parachutes it is assumed that d i f f e r e n t i a l  pressure 
acts on the inflated port ion of the canopy only,  so tha t  the  
radial tapes are s t ra ight  i n  t h e  uninf la ted  port ion.  For a 
given developlnent angle, b, equi l ibr ium geometry is es t ab l i shed  

as follows: 
I 

- V 
M cos a 

- V 
pR M cos b 

- 

- II 

- 
t a n  b - t a n  a ] - V - 

2M s i n  n/M 

LA ( 1  + E A )  - - 
2M s i n  n/M 

=r sf ( 1  + GR) s i n  b 
' 0  a 

Where : 
L s f ,  $ I S  and C f  are manufactured 

E g and cR are u n i t  s t r a i n s  for  loads L' hS 

PL, PAS and PR 
I 

Equadons (3) through (8) are resolved simultaneously by the 
method shown i n  Figure 4, Page 28. 
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From View A-A 

I 
Plane A 

From the  view of plane A 
SL 

Rs = 21. 

Projected area in hor i zon ta l  plarie (view B-B) 

Local d i f f e r e n t i a l  pressure 
' V/A 

9 - y  

where: p = l o c a l  d i f f e r e n t i a l  pressure 
p' =: pressure c o e f f i c i e n t  Prom pressure **;* t r ibu t ion  

kp = i n t e g r a t i o n  fac tor -a  func t ion  of the shape of the 
curve 

d l s t r l b u t i o n  curve and geometric porosi ty  
The above equat ions a r e  solved simultaneously by  the method 
shown i n  Figure 3 o r  4. 
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BRIUM OF A TYPICAL HORIZONTAL ELEMENT_ 
R' 

View i n  Plane  A 
From summation of  f o r c e s  i n  d i r e c t i o n  R '  

-ph 
N' - 2 s i n  Q (14 1 

where: NO = u n i t  t ens ion  load i n  ho r i zon ta l  member 
h = 2 r  s i n  n/M (15 1 

r s i n  n/M 
s i n  $ 

N J ~  = p  Therefore 

The arc l eng th  SL is g iven  by 

Since: 
SL' = 2 Jr RS 

RS s i n  4 = r s i n  n/M 

= 24 r s i n  n/M 
SL ' 

s i n  9r 

The length  of the ho r i zon ta l  element 

where: SM = 

- % - 

SL = S# ( 1 +  cs)  (20) 

manufactured l eng th  a f  the horizontal 
member 
u n i t  s t r a i n  o f  the  h o r i z o n t a l  member f o r  
load N$ 

A value f o r  4 i s  found by i t e r a t i o n  t o  g i v e  

This procedure i s  shown schematical ly  i n  F igu re2 ,  page 26. 
SL = Sf ( 2 1 )  



Resolut ion of NJI 

The edge f o r c e  i n  a ho r i zon ta l  member, 
three m u t u a l l y  perpendicular  components; (1) A P R ,  tangent t o  
the meridional member, ( 2 )  NR,  normal to  t h e  meridional member 

i n  a plane which inc ludes  t h e  cef i t ra l  axis, and ( 3 )  Ng , a c i r -  

N v ,  i s  resolved i n t o  

c umf e r e n t  i a l  force . 
From the view i n  Plane A: 

NQ = Ni s i n  $'/cos a 

N p  = N 4  [ c o s  '4 + s i n  4 s i n  a 
COS a 

and 
- 
I 

J 

Angle C. is def ined as fol lows 

From Equation (15 ) 

h = 2 r  s i n  n/M 

N p  is resolved i n t o  components i n  t he  desired d i r e c t i o n s  by 
first resolving.3.t  i n t o  two components i n  the ho r i zon ta l  plane 
as shown below. 

View In Horizontal Plane 

(25 1 

(26 )  

s i n  4 s i n  3. 
cos a 

Ng = Np cos  n/M = Ny cos  n/M rcos 4 + 

N R ~  = Np s i n  n/M 
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The r e s o l u t i o n  of NRH i n t o  the d i r e c t i o n s  of NR and APR can 
be seen w i t h  a view i n  the  plane of a meridional member. 

V i e w  1.n P lane  Of Radfal Tape 
n 

From Fz = 0 
APR - - NRf cos fl 

s i n  d 
P 

From L FR = 0 and equat ion  23 and 24 

Combining equat ions (22)  and (28) 

NR= Ng[sin $/cos a = sin a (cos $ + s i n  s i n  a/cos a)] (29)  

Subs t i t u t ing  equat ion  (28) into (27) 

APR = Nq s i n  n/M cos fl (cos Ib + s i n  4 s i n  a/cos a) 
(30)  
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EQUILIBRIUM OF A SFXMENT OF A MERIDIONAL MEMBER 

(loaded by two adjacent  ho r i zon ta l  member ends)  

A a  is  s u f f i c i e n t l y  small t o  make APR AS n e g l i g i b l e  compared t o  
PR. Summation of f o r c e s  i n  d i r e c t i o n  R results in:  

2 ( 2  N R R ~  S in  A l b / 2 )  = ~ ( P R  S in  A0/2) 

The above equat ions can be combined t o  give a form similar t o  
the gene-aal membrane equat ion Nlb ( p  = - f N0 ): R 0  E 

22 
I 
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LOAD I N  THE MERIDIONAL MEMBER, PR 

A t  the  s k i r t  the  a x i a l  load i n  the meridional member is  equal 
t o  the suspension l i n e  load. 

v PR ( s k i r t )  = 
M s i n  

A t  sukoequent s t a t i o n s  PR i s  computed by sub t r ac ’ ing  the ac- 
cumulated APR from the  i n i t i a l  value. Since the re  a r e  two 
hor izonta l  member ends  ac t ing  on each meridional member, the  
load a t  s t a t i o n  j is  given by 

Length o f  segment j is given 

where : 
AS i s  the  manufactured length o f  the segment 

J 

j* 
c is u n i t  s t r a i n  under load PR 
*J 
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3.1.3 S o l u t i m  Algorithm 

A flow diagram f o r  PrDgrarn CAN0 I s  presented i n  Figure 2. 
A u s e r ' s  manual which includes a l i s t i n g  of t h i s  pmgram i s  
given I n  Reference 22. 
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I 
I 

- I .  ilig. 2 . Flow Diagram f o r  Frogram C A N 0  
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I Y ,  I 
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[CCMPVTE 8 ,  -- AH, PR, CTz, e, d ,  g ,  h l  

. 

Fig. 3 . Flow Diagram Deta i l  Showing S k i r t  
Equi l ic r ium f o r  an Unreefed Parachute 
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JASSUME TRIAL COKVERGENCE ANGLE, a+ 
I 

i  COMPUTE SUSPENSION - LINE LOAD, pL\ 

/COMPUTE LENGTH, L,] 
I  ASSUME TRIAL REEFING LINE LOAD, PA 
I 

[COMPUTE REEFING LINE RADIUS, rAl 
1 ICOMPUTE CONVERGENCE ANGLE. a1 
t 

ICOMPUTE REEFING LINE LOAD. PA 

JCOMPARE a AND a'} L 

I 
I 

[COMPUTE C ,  ro AND PR I 
IASSUME TRIAL BULGE AREA. A; 1- 

t  COMPUTE HORIZONTAL LOAD, N+, AND LENGTH, sL 
L 

I [COMPUTE ARC LENCTH, sd 
I . 

~COMPARE sL -w 
i ICOMPUTE BULGE AREA, AJ 

ICOMPARE A, AND A i l  I 

I 
ICOMPUTE 0 ,  AB, PR, APR, e ,  d,  g, h ]  

Fig.  4 . F l o w  Diagram Detail S h o w i n g  S k i r t  
E q u i l i b r i u m  f o r  a Reefed P a r a c h u t e  
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3.2 PROGRAM CANO 1 - AI? INTERNAL WADS NiALYSIS F O R  RIBBON 
PARACHUTES 

I n  der iving the equat ions f o r  canopy l n t e r n a l  load a i s t r i b u t i o n ,  
Sect ion 3.1, i t  was assumed t h a t  t h e  hor izonta l  menters bulge 
outward perpendicular t o  the meridional members, i .e. ,  a w l e  
@ = 0 i n  F igure  5 . It is  seen i n  the photograph i n  F ig l i re  

5 t h a t  t h i s  assumption is not  r e a l i s t i c  f3r r ibbDt?  parachtites. 
"he v e r t i c a l  members between the meridional members, o r  r a d i a l  
tapes, p u l l  the s k i r t  band and adjacent  hor izonta l  members up  s o  
t h e y  a r e  not perpendicular t o  the  meridians. As a r e s u l t ,  tk,e 
v e r t i c a l  members p i c k  up a x i a l  load which would otherwise be  i n  
the  radial tapes. This ana lys i s  a t tempts  t o  account f o r  the 
e f f e c t  of the v e r t i c a l  members on the i n t e r n a l  load d i s t r i b u t h n  
i n  the  canopy. 

3.2.1 Descriptio.1 of the  Analysis Method and Assumptions 

This ana lys i s  is i d e n t i c a l  t o  the  CANO a n a l y s i s  given i n  Sect ion 
3.1, except t ha t  the equat ions and s o l u t i o n  procedure are modi- 
f i ed  tq  i w l u d e  the effect  of  t h e  v e r t i c a l  members. The s t ruc-  
t u ra l  model c o n s i s t s  of hor izonta l  s l ices  (or  segments) of the  
canopy. Each segment is represented by a length of r a d i a l  tape, 
a hor izonta l  member, and a v e r t i c a l  member which is  uniformly 
d i s t r i b u t e d  across  the  wid th  of  the gore. Loads and geometry 
are computed a t  re ference  s t a t i o n s  loca ted  a t  the midpoints 3f 

the segments. 

The following assumptions are made: 

Meridional curva ture  is  constant  over  each 
segment, and the curvatures  are tangent a t  
the junc t ion  between adjacent  segments. 

The hor izonta l  ribbons have no meridional 
curvature.  

The edges o f  a hor izonta l  r ibbon l i e  i n  p l anes  
paral le l  t o  the Plane B (Figure 6. ) 
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Figure 5 . Ribbon Parachute With Vertical Members 
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4) The pro jec t ion  of  the hor izonta l  r ibbon on 
Plane A (F igu re  6 )  is  a c i r c u l a r  a r c .  

The hor izonta l  r i b b o n  is held i n  e q u i l i b r i u m  
by a va r i ab le  d i s t r i b u t e d  force  from thd  

v e r t i c a l  r ibbons .  This force is p a r a l l e l  t o  
t he  ho r i zon ta l  r i b b o n  width,  and is o f  a 
magnitude such that the r e s u l t a n t  of the force  
s y s t e m  ac t ing  on the hor izonta l  r ibbon is i n  
Plane B (Figure 6). 

The axial loads i n  the v e r t i c a l  r ibbons are 
transferred t o  the radial  tapes over each seg- 

ment f r o m  s k i r t  t o  vent i n  proportion t o  the  
decrease i n  gore width. 

5) 

6 )  

3.2.2 Derivat ion of Equations 

Since the  so lu t ion  procedure is not s t ra ightforward,  no 
attempt is made t o  follow the  comput i rg  sequence i n  the 
de r iva t ions  which follow. A s o l u t i o n  algorithm is shown i n  
the form of a flow diagram f o r  computer program C.WO 1 i n  
Figure 7 page 41 
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I 
Radial Tapes 

Horizontal 
Ptirachut 
Cent e r l  i 

Plane A 

Perspective View 

'e  
n e  

I-, r&CanoPY Centerline 

I 

\ r l  
V i s  V w i n  Plane 
of Radial Tape 

Vied i n  
Plane A 

Capopy I .  
Centerline 

1 View i n  Core 
Centerline Plane 

I 

F i g .  6. Canopy Geometry 
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EQUILIBRIUM OF A TYPICAL HORIZONTAL RIBBON 

From the assumptions tha t :  

1) The load increment ANv (from the  v e r t i c a l  

2) 

r ibbon)  is  perpendicular to Plane A. 

The pressure load is i n  Plane A. 

3) The r e s u l t a n t  of the two loads  is i n  Plane B. 

It fol lows t h a t  

 AN^ = p cos 0 t a n  B 

as shot ffn i n  the f i g u r e s  below 
p cos s 

i /I 
/ 

The end r e a c t i o n  is found as fol lows:  
Q 

Ns = 1 p cos % RS ds  = p Rs s i n  Q 
0 

(37 ) 

NT = s) p cos 5 tan @ Rs d s =  p RS s i n  Ib tarl @ (38) 
0 

4 
r )  

N b  = pRS [l - s i n  5 dg = p RS cos $ 

2 ao - 3  
N = [N:+N$ + ( N ~ I  3 = p r  sin n / ~  [cat' Q + tan2 BJ 
ll 

(39) 
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Length of t h e  e l l i p t i c a l  a rc  I s  given by 

TT /2 __ . 
2RS j(1 - s in2  B s i n  2 8  3 )  d 5 

Stretched length of  t h e  hor izonta l  r ibbon i s  given by: 

% = s M (  1 + E S )  

where : 

SEI = manufactured length  of hor izonta l  r ibbon 

cs  = u n i t  s t r a i n  f o r  load NJr 

A value f o r  $ i s  found by i t e r a t i o n  t o  g i v e  

SL = s;, 

(41) 

This procedure is shown schematically i n  F i g u r e 7 ,  page 41. 

The three components of the hor izonta l  r ibbon end reac t ion ,  
NT, NS, NFI, w i l l  be resolved ind iv idua l ly  i n t o  three orthogc-. 1 
components perpendicular and tangent t o  the radial  tape.  
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RESOLUTION OF REACTION NT 

I 
r cos n/M sin d' = 

q/(r cos n/M)2+(r/tan 

2 cos 0 
cos a 

cos 8' = ,/I - sin 

a = sin" (sin 0 sin VM) 

= - 
(44) 

View in gore 
centerline plane 

View in horisontal plane 

I 

= Nm sin 0+N% cos n/M cos 

(49) 

I 
forces on radial 

from one horieontal 
View in radial plane 
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Resolut ion of N;’ and NS 
I 

-NP 

# N~ = N~ + !S s i n  a 
cos a 

I 

V i e w  i n  plane A 

Resolut ion o f  Reac 

V i e w  i n  ho r i zon ta l  plan5 

N e A  = Np COS n/M 

N R ~  = Np s i n  n/M 

N -- P 
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I 

N R ~  = MQ - iJhH s i n  fl 

A h A  = N R ~  cos 0 

I 
(Forces on r a d i a l  tape 

from one hor izonta l  r ibbon) 

(53) 

(54 1 

V i e w  i n  plane o f  r a d i a l  tape  

Combining components of  NT, Ns, and Np' 



The load i n  the v e r t i c a l  r ibbons is  zero a t  the  s k i r t  s i nce  t h i s  
is g f r e e  edge. 
Wv%, so t h a t  the loading a t  station 

Each hor i zon ta l  r ibbon adds an increment of load, 
J is  given by 

Since the  v e r t i c a l s  i n t e r s e c t  t he  r a d i a l s  as t he  gore w i d t h  de-  
c reases  from s k i r t  t o  vent ,  the  v e r t i c a l  r ibbon load is  t r a n s f e r r e d  
t o  the  r a d i a l  tape. 
t o  the  decrease i n  gore width between re ference  s t a t i o n s .  
appl ied t o  a r a d i a l  over  a length ASt is  giver1 by: 

It is  assumed t h a t  t h i s  t r a n s f e r  i s  proport ional  
The f o r c e  

I *PRv AS' Nv ASM COS n/M 
I 

5 %  
A%r = Nv 

71 a (aeprux)  
F l a t  Pa t t e rn  o f  Gore 

cos n/M ( 5 9 )  
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The load i n  a r a d i a l  tape a t  s t a t i o n  (J )  is  g iven  by: 

Curvature rJf Radial Tape 

The following approximation is used f o r  the r a d i u s  of curvature  
of the r a d i a l  tape: 

This equat ion is i d e n t i c a l  t o  that  der ived 
that the term N V ~ M  is added t o  account f o r  

i n  Sec t ion  3.1 except 
the load i n  the v e r t i -  

cal  members. I n  the ao ld t ions  obtained for the drogue chute  
(Section 4.1.6), use  of t h i s  equat ion results i n  equi l ibr ium f o r  
a v e r t i c a l  fIection through the  canopy when checked by the method 
shown below. 

39 NVR-6432 



I 

vent 
LFH = o = 2 L N  AS +[  (2 M PR/mr) r cos 03 skirt 

vent sk f rt 

Solu t ion  Algorithm 

The equat ions f o r  s k i r t  e q u i l i b r i u m ,  radial  tape geometry and 
d i f f e r e n t i a l  pressure a r e  the same a s  those given i n  Sec t ion  3.1. 
A s o l u t i o n  algori thm is given i n  the  form of a flow diagram f o r  
computer program CAN0 1 I s  given i n  Figure 7. 
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READ INPUT DATA 
Geometry, S t r a i n  C u r v e s ,  

Pressure C u r v e ,  R i s e r  Load + 
LASSUME PRESSURE COEFFTCIENT,b 

SSIlME SKIRT D I A ,  R 

* - 
? -+ASSUME HORIZONTAL RIBBON ANGLE, 8 s k i r t  

A 

R e e f e d  [e- O p e n  
4 

Fig. 4 1 
[SECIRT EQUILIBRIU~~ F K I R T  EQUIL 

3 

ASSUME MERIDICNAL R L D I U S  L 

OF CXJRVATURE, I?# 

b ICHECK Y FOP, DIVERGENCE] 

(COMPARE P R i  
t 

I 
 OMP PARE VERTICALTI,PE- 

+CHECK B F03 DIVERGENCE1 
A 
1 

(CHECK  STATIO^^ 
NOTE: Asterisk 
(:::) denotes i n -  
put by analyst 

0 

Fig. '!, Flow D i a g r a m  f o r  P r o g r a m  CAN0 1 
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SECTION 4.0 

TEST DATA REVIEW AND APPLICATION OF INTERNAL LOADS ANALYSIS 

The ob jec t ive  of  t h i s  s e c t i o n  is  t:, upgrade the s t r u c t u r a l  ana l -  
y s i s  methods by use of t h e  test  da t a  acquired d u r i n g  the Apollo 
T e s t  Programs. 1) high- 

speed motion p i c t u r e  coverage f r o m  onboard, a i r - t o - a i r ,  and 
ground cameras; 
3) dynamjc p r e s s u r e  h i s t o r y  from ASKANIA t racking;  and 4 )  f a i l u r e  
analyses  of drop tests i n  which parachutes were damaged o r  de- 
stroyed. Appendix A summarizes the d r o p  tests of the Apollo ELS 
Blmk I, Block I1 and Block I1 ( H )  programs. 

The f w m s  of test d a t a  a v a i l a b l e  a re :  

2 )  load-time t r a c e s  a t  the parachute r i s e r ;  

In tNs sec t ion ,  two methods a r e  used t o  ve r i fy  the a n a l y s i s  
methods presented i n  Sec t ion  3. F i r s t ,  d rop  test photographs 
a r e  compared w i t h  the  shape predicted a n a l y t i c a l l y  f o r  the tes t  
loading condi t ions.  Since a unique shape is  predicted fc r  a 
given p r e s s u r e  d i s t r i b u t i o n  and a x i a l  loading f o r  a given para- 
chute cons t ruc t ion ,  c o r r e l a t i o n  of the predicted and a c t u a l  
shapes is evidence t h a t  tine i n t e r n a l  load p red ic t ion  is  c o r r e c t  
( i f  the pressure d i s t r i b u t i o n  used i s  c o r r e c t ) .  
v e r i f i e d  by conparison of  predicted u l t i m a t e  strength and fa i lure  
modes w i t h  test results. 

This is f u r t h e r  

Additional analyses  a r e  presented t o  show the  s e n s i t i v i t y  of  
canopy s i z e  and i n t e r n a l  loading t o  v a r i a t i o n s  i n  canopy con- 
s t r u c t i o n  and pressure d i s t r i b u t i o n .  

Analysis of  the  main parachute is extended t o  include a stress- 
time s t u d y  throughout the opening process and optimum weight 
c a l c u l a t i o n  f o r  the spacec ra f t  design. 

Three t y p e s  of parachutes a r e  used I n  the Apo1l.o Earth Landing 
System, t he  drogue, p i l o t ,  and main parachutes. The first 
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two parachutes t o  be deployed are  drogue chutes ,  which are r ibbon 
t y p e  parachutes that  incorpora te  one stage of reefing. Three 
p i l o t  parachutes are deployed j u s t  a s  t h e  dmglies are ciiscdn- 
nected t o  e x t r a c t  t h e  main parachiites from t h e i r  packir4 b a g s .  
The p i l o t  chute has a r i n g s l o t  t y p e  canopy w i t h  a n  o v e r i n f l a t i o n  
l i n e  attached t o  t h e  s k i r t .  F i n a l  dece le ra t ion  of the space- 
craf t  t o  descent  vf-blocity is accomplished by t h e  three main 
parachutes. These ;.re ringsail parachutes w i t h  two stages o f  
reefing. The ana lyses  t ha t  follow w i l l  cons ider  the parachutes 
i n  the  o rde r  of deployment. 
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4.1 DROGUE (XUTE 
4.1.1 Drogue Chute  Structural  Model 

S t r u c t u r a l  de t a i l s  of  t h e  d rogue  chute are g iven  i n  F igu re  8 
and the corresponding s t r u c t u r a l  model is def ined  i n  F i g u r e  9. 
I n  modeling the canopy, a l l  ho r i zon ta l  members, including the 
s k i r t  and vent  bands, are represerted as f i n i t e  elements. I n i t i a l  
lengths and tape rated strengths are taken from the engineering 
drawirgs and a p p r o p r i a t e  l o a d - s t r a i n  curves  are i t i p u t  t o  the  

computer i n  tabular f o r m .  The reefing and o v e r i n f l a t i m  l i n e s ,  
which are attached at  o r  near the s k i r t  band, are included i n  
thz model by the  method discussed i n  Sectior. 3. 

Modeling of t he  nieriZlicna1 members p resents  a problem because 
o f  ver t ical  r i b b o n s  between the radial  tapes. There is experi- 
mental evidence t h a t  the v e r t i c a l s  c a r r y  s i g n i f i c a n t  mer idbna l  
load, b u t  the methx? used i n  program CANO assumes that a l l  the 
meridional load is carried by the radial  tapes. To approximate 
their  effect i n  t h e  s t ruc tura l  model used by CANO, the s t i f f n e s s  
cont r ibu ted  by the v e r t i c a l s  i s  added t o  that of the radial  
tapes. R e s u l t s  of a s t u d y  t o  determine the s e n s i t i v i t y  of the 
s o l u t i o n  o f  a f u l l y  i n f l a t e d  canopy t o  v a r i a t i o n s  i n  meridional 
s t i f f n e s s  are g iven  i n  F igu res  10 , 11 and 12 . Canopy pmfile, 
ho r i zon ta l  m e m b e r  loading, and radial t a p e  loading f o r  three 
models d i f fe r ing  only i n  the s t i f f n e s s  of the  meridional members 
E.re compared. Model I has radial  tapes only; Model I1 has the 
two v e r t i c a l s  nea res t  the radial f u l l y  e f f e c t i v e ;  and Model I11 
has a l l  of  the v e r t i c a l s  f u l l y  e f f e c t i v e .  I n  the  l a t t e r  t w 3  
models, the v e r t i c a l  s t i f f n e s s  is diminished l i n e a r l y  from f u l l y  
e f f e c t i v e  a t  the  s t a t i o n  wi th  maximum diameter t o  zero a t  the 
s k i r t .  It is concluded f r o m  these f igures  that  modeling v a r i a t i o n s  
of the meridional members are not  s i g n i f i c a n t  i n  de te rmina t ion  
of t h e  canopy p r o f i l e  b u t  can affect  the maximum load i n  h o r i -  
zon ta l  tapes. A d i f f e r e n c e  of approximately e ight  percent  i n  

the maximum hor i zon ta l  tape load is  observed between Mociels I 
and 111. Fur ther  s t u d y  of the  e f fec t  of v e r t i c a l  r ibbons using 
the a n a l y s i s  of Section 3.2 is presented i n  Sec t ion  4i1.6. 
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F i g .  9. . Drogue Chute Structural Model 
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4.1.2 Drogue Chute Pressure Di s t r ibu t ions  

The drogue parachute i s  analyzed f o r  both the reefed and open 
stages s ince  not  a l l  canopy members are  subjected t c  t ? i e i r  
c r i t i c a l  loads  i n  the  same stage. 

Since pressure d i s t r i b u t i o n  da ta  f o r  reefed parachlltes is n a t  
ava i l ab le ,  t he  canopy is assumed t o  have a uniform pyessure 
d i f f e r e n t i a l  a v e r  the i n f l a t e d  por t ion  of the canopy-. The 
degree of  canopy i n f l a t i o n  depends on the length  of the reefing 
l i n e ,  which r e s t r i c t s  t h e  inflow of a i r ,  and on the  p o r c s i t y  of 
t h e  canopy. The degree of i n f l a t i c n  of the reefed drogue was 
determined from photographs taken d u r i n g  an a e r i a l  d rop  t e s t .  
(See Sec t ion  4.1.4) Figures 13 and 14 show the  ho r i zon ta l  
r ibbon loading,  and radial  tape loading f o r  t h e  reefed drogue 
chute  w i t h  a uniform p r e s s u r e  d i s t r i b u t i o n .  To determine whether 
t h i s  1.s t h e  appropr ia te  pressure d i s t r i b u t i o n ,  the p red ic t ed  
canopy shape i s  compared t o  the measured canopy shape i n  Sect ion 
4.1.4. The reefed canopy is analyzed f o r  a riser load of  21,000 
pounds which i s  the peak canopy loading occurr ing In the  f l i g h t  
t e s t  csed f o r  the shape comparison. 

Some empir ica l  data i s  a v a i l a b l e  f o r  pressure d i s t r i b u t i o n s  i n  
r ibbon canopies f o r  the f u l l  open condi t ion.  The wind tunnel  
pressure d i s t r i b u t i o n  data,  Reference 20, is a p p l i c a b l e  f o r  the 
drogue chute s i n c e  the  dynamic pressure decay i s  only about 
2 percent from time of disreef t o  maximum load. Test data f o r  
a c i r cu la r  r ibbon parachute wi th  18 percent  geometr ical  poros i ty  
are g iven  i n  Reference 20. The drogue chute is a conica l  ribbon 
parachute wi th  a geometrical  porosi ty  of 22 percent.  The drogue 
chute has an o v e r i n f l a t i o n  l i n e ,  which might a f f e c t  the pressure 
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d i s t r i b u t i o n  a t  t he  s k i r t ,  and i t  i n f l a t e s  from a 43 percent  
reefed c - i n a i t i m ,  Lvhereas the wind t u n n e l  model i n f l a t e d  from a 
zerc  percent  reefzd condi t ion.  No test da t a  are a v a i l a b l e  t o  in -  
d i c a t e  the e f f e c t s  of  these d i f f e rences .  

I n  Flgure 15, the d a t a  of Reference 20 is r e p l o t t e d  t o  show the 
d i f f e r e n t i a l  pressure across  the  canopy a t  d i f f e r e n t  times f w  
the f o u r  t e s t  v e l o c i t i e s .  Two s i g i d f i c a n t  observat ions can b e  

made frxi Figslre 15; I . )  the  gene ra l  shapes of the curves are 
similar a t  t he  three event  times shown--maximum diameter, maxi- 
m u m  load, arid steady s t a t e ,  and 2 )  no t r e n d  w i t h  varying velo- 
c i t y  is ind ica ted .  On the  basis of  these observat ions i t  is 
concluded tha t  t he  mean curve ind ica ted  i n  F i g u r e  15 is a reason- 
a b l e  approximation f o r  use i n  t h e  analyses which follow. 

I n  o rde r  t o  de te rmine  the e f f e c t  of v a r i a t i o n s  i n  pressure d r s t r i -  
bution on canopy shape and i n t e r n a l  loading,  a s e n s i t i v i t y  s t u d y  
was performed using the f o u r  pressure d i s t r i b u t l  ,IS shown i n  
Figure  16  . Dis t r ibu t ion  A is the rrean curve f r v m  Figure 15 and 
curves B, C,  2nd D are a rb i t r a ry  d i s t r i b u t i o n s .  I n  d i s t r i b u t i o n  
B, the pressure i s  cons tan t  throuhout the canopy. 
C,  the maximum pressure is a t  the vent  while i n  d i s t r i b u t i o n  D 
the maximum i s  a t  the  s k i r t .  I n  d i s t r i b u t i o n s  C and D the  maxi- 
mum pressure is twi?e the minimum value.  

I n  d i s t r i b u t i o n  

F igure  17 shows the v a r i a t i o n s  i n  t h e  canopy profi!.e f o r  the 
f o u r  pressure d i s t r i b u t i o n s .  As expected, the peak pressure 
a t  the s k i r t  g ives  t h e  largest canopy diameter, while peak pres- 
sure a t  the vent  g i v e s  the largest  p r o f i l e  height.  

The v a r i a t i o n  o f  ho r i zon ta l  r ibbon load  with  these pressure 
d i s t r i b u t i o n s  is given  i n  Figure 
but ion D (peak  pressure a t  the s k i r t )  g i v e s  peak loading 11 percenr. 
h i g h e r  than t h a t  of d i s t r i b u t i o n  C ( p e a k  pressure a t  s k i r t ) .  The 
peak ho r i zon ta l  tape load occurs h i g h e r  i n  t h e  canopy.as t h e  peak 
pressure moves from s k i r t  t o  vent.  

18 . It is seen t h a t  d i s t r i -  
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I n  Figure 19 t he  r a d i a l  tape loads f o r  the  four  p r e s s u r e  
d i s t r i b u t i o n s  are shown. Di s t r ibu t ion  D prodlices the  h ighes t  
loading a t  the s k i r t ,  whi le  d i s t r i b u t i o n  C g i v e s  higher loads 
i n  the crown. 

It is concluded from these figures that  the d i f f e r e n t i a l  pressur5 
d i s t r i b u t i o n  across a parachute canopy has a first order  e f f e c t  
on i n t e r n a l  loading. Fur ther  i nves t iga t ion  of p r e s s u r e  d i s t r i -  
but ions i n  i n f l a t i n g  canopies is, therefore, e s s e n t i a l  f o r  ac- 
curate i n t e r n a l  load predict ions.  
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4.1.3 Drogse Canopy Growth 

Results of a s t u d y  of  the v a r i a t i o n  i n  canopy shape and i n t e r n a l  
loading wi th  a p p l i e d  a x i a l  load are shown i n  Figure 20 . So- 
l u t i o n s  were obtained fqr the disreefcd drogue chute,  s t r u c t u r a l  
Model 11, f o r  axial loads  of 5,000, 10,000, 15,000 and 23,340 
pounds, w i t h  a l l  o t h e r  parameters constant .  I n  F igu re  20 
maximum diameter, pro jec ted  area, rad ia l  tape k a d ,  and hor i -  
zon ta l  r ibbon load are p lo t ted  versus  appl ied a x i a l  load. The 
v a r i a t i  n of these q u a n t i t i e s  i s  p r a c t i c a l l y  l i n e a r  wi th  load. 
The s l i g h t  curva ture  observed can be a t t r i b a t e d  t o  the shapes 
of t h e  load s t r a i n  curves  of the parachute materials. Since 
t h i s  effect  is  neg l ig ib l e  f o r  small changes i n  load, canopy 
loads  can be proportioned d i r e c t l y  with a x i a l  load. 
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4.1.4 Drogue Chu te  F l l m  Analysis 

Three types of  photographic coverages are a v a i l a b l e  from t h e  

Apollo Drop Test Programs: a i r - t o - a i r ,  gmund-to-air ,  and 
onboard. It is  desirable t o  measure the p r o f i l e  view of the 
canopy i n  o rde r  t o  ob ta in  t h e  most accu ra t e  shape comparison. 
These measurements would have t o  come from t h e  a i r - t o - a i r  o r  
ground-to ?ir coverages. Due  t o  the s i z e ,  ve loc i ty ,  and de -  

p1oyme:it a l t i t u d e  o f  the drogue chute ,  the a i r - t o - a i r  and ground- 
t o - a i r  coverages are inadequate  t o  provide shape measurements. 
It is, the re fo re  necessary t o  use onboard cameras coverage. 
The ind iv idua l  r ibbons can be i d e n t i f i e d  i n  these photographs 
s o  t h a t  canopy diameter as a func t ion  of s t a t i o n  number ( a s  
defined i n  Sec t ion  4.1.1) can b e  measured. To o b t a i n  ac tua l  
dimensions of the  canopy from the  photographic images, the 
measurements are converted as  follows: 

Diameter = Image Dianleter x Lens Fac to r  x Distance f r o m  Camera 

where the l e n s  f a c t o r  is calculated by measuring the image of 
a known length  a t  a known d is tance .  The d i s t ance  from the 
camera t o  t h e  s k i r t  i s  calculated from the free le rg ths  of  the  
risers and suspension l i n e s  and t h e i r  e longat ions.  Distances 
f r o m  t he  s k i r t  t o  spec i f i c  ho r i zon ta l  members are taken f r o m  
the a n a l y t i c a l l y  predicted geometry. 

F i g u r e  21 shows the comparison o f  the reefed drogue shapes 
f o r  cons tan t  pressure  over  the  i n f l a t e d  por t ion  o f  the  canopy. 
From the  onboard photographs, i t  was seen  tha t  the first e leven  
ho r i zon ta l  tages above the s k i r t  were not  i n f l a t e d .  The pressure 
d i s t r i b u t i o n  used t o  p red ic t  the a n a l y t i c a l  shape was, the re fo re ,  
a d j u s t e d  s o  that  the first e leven  ho r i zon ta l s  had zero  d i f f e r e n t i a l  
pressure. Since the predic ted  canopy shape is c l o s e  t o  the ob- 
served shape, the computed i n t e r n a l  canopy loading may be assumed 
t o  be c l o s e  t o  actual  values. (See Figures 13 and 14 . )  
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Figure 22 shows the comparison o f  t he  d i s r ee fed  drDgue shapes 
f o r  pressure d i s t r i b u t i o n  A i n  Figure 16 . The e f f e c t  3f t h e  
o v e r i n f l a t i o n  l i n e  on the d i s r ee fed  canopy is t o  con t ro l  the  
expansion of  t he  s k i r t  arid not  t o  r e s t r i c t  t h e  i n f l a t i o n  rJf the  
canopy. A l l  of t h e  hor izonta l  t apes ,  therefore ,  become i n f l a t e d .  
It i s  seen i n  Figure 22 t h a t  good agreement e x i s t s  i n  t h e  r ipper  

por t ion o f  t h e  parachut .  b u t  i n  the lower por t ion  t h e  predicted 
diameter  i s  too l a rge .  A s i g n i f i c a n t  d i f f e rence  i n  shape e x i s t s  
n t  t h e  s k i r t  which would r e s u l t  i n  l a r g e r  than actual  loads i n  
t h e  r a d i a l s  and o v e r i n f l a t i o n  l i n e ,  This discrepancy i s  a t t r i -  
buted t o  the presence of t h e  P v e r i n f l a t i J n  l i n e  which causes a 
large development angle a t  the s k i r t  (25'). This would tend t o  
reduce the  d i f f e r e n t i a l  pressure i n  the s k i r t  area, s o  tha t  the  

tes t  d a t a  Lised to  ob ta in  t h i s  d i s t r i b u t i o n  curve i s  not app l i -  
cab le .  
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4.1.5 - F a i l u r e  Analysis 

Table 1 g ives  a comparisQ?? of predicted s t r eng ths  and f a i l u r e  
modes wi th  t e s t  r e s u l t s  f o r  the two tests i n  which ul t imate  load 
was apFlied t o  f u l l y  opened drogue canopies.  This comparison, 
although l imi ted  i n  scope by the  numbel' of t e s t  p o i n t s  ava i l ab le ,  
shows reasonable agreement between predicted and ac tua l  s t rengths  
and f a i l u r e  modes. 

T e s t  Measured Test Damage Calc ula t ed Predicted 
No. Riser  o r  Ultimate Fa i lu re  

Load Fa i lu re  Mode S t reng t h Mode 

54-4* 27,250 l b  No s i g n i f i c a n t  30,300 l b *  Gore 

99-2** 35,930 l b  Gore s p l i t  34,960 lb**  Gore 

Damage S p l i t  

from Vent t o  S p l i t  

I 

S k i r t  

Table 1 Drogue Chute F a i l u r e  Analysis 

* R8155-507 had 9 rows of s t i t c h i n g  t o  secure the ho r i -  

** R8155-505 had 1 0  rows of s t i t c h i n g  t o  secure the ho r i -  
zon ta l s  a t  the r a d i a l s  ( J o i n t  Eff ic iency = .75) 

zon ta l s  a t  t he  r a d i a l s  ( J o i n t  Eff ic iency = .83) 
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4.1.6 Ana lys i s  of t h e  Drogue Chute IJsinp; CANO 1 

As was po in ted  9 u t  i n  Sec t iDn 4 . 1 . 1 ,  t h e r e  is expe r imen ta l  ev idence  
t h a t  t h e  v e r t i c a l  r i b b o n s  carry a s i g n i f i c a n t  pDr t i an  Df  t he  meri- 
d i o n a l  l oad  i n  t h e  canopy. To i n c l u d e  the e f f e c t  o f  the v e r t i c a l  
members t h e  CANO 1 Program was developed ,  a s  d i s c u s s e d  i n  S e c t i a n  
3.2. S o l u t i o n s  have been o b t a i n e d  f o r  t h e  r e e f e d  and f a l l y  apen 
drogue p a r a c h u t e s  t o  q u a n t i t a t i v e l y  e v a l u a t e  t he  e f f e c t  2f t h e  

v e r t i c a l  members. The p r e s s u r e  d i s t r i b r i t i o n s  used  a r e  i d e n t i c a l  
t3  t h o s e  used t o  ana lyze  t h e  pa rachu te  by the CANO Program as 
d i s c u s s e d  I n  S e c t i o n  4 .1 .2  and 4 . 1 . 4 .  The riser l o a d s  have b e e n  

r e v i s e d  t o  t h e  d e s i g n  ul t imate  l o a d s  D f  23,530 pounds f o r  the 
r e e f e d  : m d i t : y n  and 24,560 pounds f o r  t h e  f u l l y  i n f l a t e d  c o n d i t i 3 n  

Comparison o f  canopy p r o f i l e s  f o r  t h e  reefed and open p a r a c h u t e s  
are shown i t )  F i g u r e s  23 and 24 , r e s p e c t i v e l y .  The ma in  e f f e c t  
t h a t  t h e  v e r t i c a l s  have o n  t h e  canopy shape  i s  t o  l i f t  t h e  f i rs t  
few i n f l a t e d  h w i z o n t a l  r i b b o n s  s o  t h a t  they  are n o t  p e r p e n d i 2 u l a r  
t o  the rad:.al  tape as was assumed i n  t h e  p rev ious  a n a l y s i s .  Radial 
t a p e  p r o f i l e s  c a l c u l a t e d  f o r  t h e  r e e f e d  drogue  canopy w i t h  and 
w i t h o u t  v e r t i c a l s  are n e a r l y  i d e n t i c a l ,  as shown i n  F i g u r e  23 . 
The g o r e  c e n t e r l i n e  p r o f i l e s  d i f f e r  on ly  i n  t h e  a r e a  D f  t h e  f i r s t  
,"ew i n f l a t e d  h o r i z o n t a l  r i b b o n s .  Canopy p r o f i l e s  f o r  t h e  open 
drogue canopy a l s o  compare c l o s e l y  e x c e p t  i n  t h e  area of t h e  
s k i r t .  While t h e  e f f e c t  o f  t h e  v e r t i c a l s  on  canopy shape does  
n o t  appear t o o  large, t h e i r  e f f e c t  o n  i n t e r n a l  l o a d i n g  is sub-  
s t a n t i a l .  F i g u r e s  25 and 26 show t h e  v a r i a t i o n  o f  hoop load  
i n  t h e  h o r i z o n t a l  r i b b o n s  and mer id iona l  load i n  the rad ia l  tapes 
f o r  t h e  drogue canopy Mith and w i t h o u t  v e r t i c a l  ribbor.;. F i g u r e  
25 shows t h a t  t h e  hoop s t r e s s e s  r i se  s h a r p l y  a t  t h e  first in- 

f l a t e d  r i b b o n  i n  t h e  r e e f e d  c o n d i t i o n  and a t  t h e  s k i r t  in t h e  Dpen 



c o n d i t i o n  due  t o  t h e  “ h i k i q  .’’ o f  t h e  s k i r t  by the v e r t i c a l  
r i b b o n s .  The c o n t r i b u t i o n  :.he v e r t i c a l  r i bbons  i n  c a r r y i n g  
mer id iona l  l o a d  is c l e a r l y  . . :tiicated i n  F i g u r e  26 by t h e  re-  
d u c t i o n  i n  r ad ia l  tape loac‘lng f o r  t : th  t h e  r e e f e d  and open con- 
d i t i o n s .  F i g u r e  27 shows t h e  v j c ion  m e r  the  csnopy of  
the v e r t i c a l  r i b b o n  membrane load:.Ig and t h e  h o r i z o n t a l  r i b b o n  
d i sp lacemen t  a n g l e  f o r  t h e  reefed and open paranhute .  

It shoclld be po in ted  o u t  t h a t  arbitrary assumpt ions  were made 
i n  t h i s  anal:-sis, so  t h a t  s u p p o r t i n g  t e s t  d a t a  is necessa ry  
b e f o r e  It can  b e  cons ide red  a d e s i g n  t o o l .  
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Canopy Radius, i n .  

Fig. 23. Reefed Drogcs Chute Profile 
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4.2 PILOT PARACHUTE 
4.2.1 P i l o t  Parachute S t r u c t u r a l  Model 

The p i l o t  parachute has a twelve gore ,  r i n g s l o t  canopy t h a t  is 
constructed as shcwn i n  Figure 28 . A t y p i c a l  gore  c o n s i s t s  
of f i v e  sa i l s  (42 l b / i n  c l o t h ) ,  three v e r t i c a l s  (2-70 l b  t apes ) ,  
vent band and s k i r t  band. The leading and trail ing edges of t h e  

sails are reinforced by 0.6 inch wide seams. The r a d i a l s  are 
re inforced  by a 250-10 tape er tending  f r o m  the  s k i r t  t o  t he  

t r a i l i ng  edge of Sa i l  4. 
t r o l l e d  by an  o v e r i n f l a t i o n  l i n e  which i s  attached t o  rad ia l  
tape loops below the  s k i r t .  A l l  meridional load  i n  the  canopy 
1;; assumed t o  be taken by the rad ia l  tapes and the  effect  of  
the v e r t i c a l  members is neglected.  

The d rag  area of the canopy is  con- 

4.2.2 P i l o t  Parachute Pressure D i s t r i b u t i o n  

P r e s s u r e  d i s t r i h t i o n  data has been obtained from wind t:innel 
tes ts  of r i n g a l o t  canopies by Melzig 2 o  . 

'buzion shown i n  Figure 29 was der ived f r o m  t h i s  data. The 
p r e d i c t e d  shape and h t e r n a l  loads  f o r  t h i s  des ign  u l t i m a t e  
riser load of 4185 15 and t h i s  pressure d i s t r i b u t i o n  were can- 
puted  by means of program CANO. F i g u r e  30 sh\?ws that  the  maxi- 
mum load t o  strength r a t i o  f o r  t he  sails  occur.3 i n  the middle 

of S a i l  3 a t  a va lue  of 0.664. 
v a r i a t i o n  i n  hoop load from s k i r t  t o  vent.  The hoop load i s  
largest  a t  the leading and t ra i l ing  edges of the s a i l s .  Due t o  
the i :reased s t r e n g t h  i n  these a r e a s  ( t h r e e  p l y s  of f a b r i c  i n  
the  leading and t r a i l i ng  edge seams) the  r a t i o  of hoop load t o  
r a t e d  strength is lower than a t  the c e n t e r  of t h e  s a i l  oanel.  
Figure 31 shows the v a r l a t i o n  of rad ia l  tape load from s k i r t  
t o  vent. 
inches above the s k i r t .  

The p r e s s u r e  d i s t r1 . -  

Also shown i n  t n i s  figure i s  the 

Maximim radial tape loading of 433 pounds occurs  e ight  
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4.2.3 P i l o t  Tarachute Film Analysis 

I n  o rde r  t o  v e r i f y  the a n a l y s i s  u s e d  t o  p r e d i c t  t h e  i n t e r n a l  
loads i n  Figures  30 and 31 , a comparison of predicted and 
measured canopy shapes is made. The a i r - t o - a i r  and ground-to- 
a i r  photographic coverage i s  inadeque t e  f o r  canopy measurenents. 
Onboard coverage is u s e d  t o  compare canopy diameters a s  a func t ion  
of the d i s t a n c e  f r o m  t he  s k i r t .  Figure 32 shows a comparison 
of  predicted and measured canopy diameters f o r  the pq-lot  chu te  a t  
a load of 3,600 pounds. The phctograph used was taken just as  
the main parachute  pack was l i f t e d  f r o m  the  vehic le .  Load t r a c e s  
iridicate t h a t  the p i l o t  chute  had an  a x i a l  load of 3,600 pounds 
a t  t h i s  time. The close c o r r e l a t i o n  of t h e  predicted and measured 
canopy shapes suppor ts  t h e  i n t e r n a l  load a n a l y s i s  of  Sec t ion  3.1. 
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4.3 MAIN PARACHUTE 
4.3.1 S t r u c t u r a l  Models of  the  Main Parachute 

The cons t ruc t ion  of  the  main parachute r equ i r e s  an e l a b o r a t e  
model t o  reasonably simulate the nonuniform geometry an$ s t i f f -  
ness. Such fea tures  a s  s a i l  f u l l n e s s  and re inforc ing  bands are  
represented i n  t'.e model by  ho r i zon ta l  elements w i t h  appropr ia te  
geometry and s t i f f n e s s .  Estimation of t h e  w i d t h  Over which a 
heavy re inforc ing  Inenber a c t s  i s  problematical ,  b u t  t h e  o v e r a l l  
so lu t ion  is not overly s e n s i t i v e  t o  t h i s  modelipg. Use of  a l -  
lowable s t r a i n s  r a the r  than 2 1  lowable load f o r  stress ana lys i s  
of t he  adjacent  area g ives  a secDnd check on t he  margins o f  
safety.  S l o t s  are accountpd fsr i n  t h e  s o l u t i o n  by  t ravers ing  
the  s l o t  segment w i t h  no change i n  rneridiJna1 member load o r  
slope.  The canopy is reefed i n  two s t a g e s  Sy reefing l i n e s  a t -  
tached t o  the  s k i r t  band a t  midgore points .  Main parachute con- 
s t r u c t i o n  is -hown i n  Figures 33 and 34 and the corresponding 
s t r u c t u r a l  model is shown i n  Figure 35 . 
Three d i f f e r e n t  models corresponding t o  t h e  three major s t e p s  
i n  the evolu t ion  of  the f i n a l  des ign  are anslyzed f o r  the f u l l y  
i n f l a t e d  condi t ion.  They d i f f e r  only i n  the number and stret-gth 
of re inforc ing  bands on t h e  s a i l s .  

Version 513 has a d d i t b n a l  tapes  added t o  the t r a i l i n g  edges of 
s a i l s ,  numbers 5 through 10. Version 519 has add i t iona l  r ip-s top 
bands a t  the t ra i l ing edges of  S a i l s  5 ,  9 and 10. 

Solu t ions  obtained f o r  the th rze  vers lons  under i d e n t i c a l  loading 
condi t ions g i v e  an  i n s i g h t  i n t o  the e f f e c t  of the reinfrJrcing 
bands on the i n t e r n a l  load d i s t r i b u t i o n .  I n  Figure 36 , a 
corilparisonaf the r a t i o  of appl ied  load t o  rated s t r eng th  o f  t h e  
s a i l3  f o r  t h e  three vers ions  is given. It i s  seen tha t  i n  ad- 
di',ion t o  providing a d d i t i o n a l  s t r e n g t h  l o c a l l y ,  the bands re -  
duce the  load i n  ad jacent  areas by reducing t h e  o v e r a l l  diameter 
of the canopy. The c r i t i c a l  areas which occur a t  the t ra i l ing  
edges of the  s a i l s  wi th  leading edge f u l l n t . 3 ~  g i v e  t h e  h ighes t  
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peaks. The t r a i l i n g  edges of S a i l s  7 ,  8, 9 and 10 a re  t h e  
c r i t i c a l l y  loaded ho r i zon ta l  members. 

S a i l  8 t r a i l i n g  edge has a load-to-s t rength r a t i o  o f  0.55 f o r  
the 507 version.  If t h i s  member had an e f f i c i ency  of 55 per- 
cent., a f a i l u r e  would be predicted a t  an a x i a l  l aad  of  52,800 
pounds. The add i t ion  of re inforc ing  tapes  t o  the parachute t o  
form the 513 version reduced the load t o  s t r e n g t h  r a t i o  a t  the 
t r a i l i n g  edge of S a i l  8 t o  0.45. If t h i s  a r ea  remained c r i t i c a l  
i n  the parachute, t h e  a x i a l  load c a p a b i l i t y  o f  the  513 parachute 
would be increased by t e n  percent over the 507 version. How- 
ever ,  the  t r a i l i n g  edge of  S a i l  9 i s  seen t o  be c r i t i c a l  f o r  the 
513 version wi th  a load t o  s t r e n g t h  r a t i o  of 0.51. 

The l o a d  t o  s t rength  r a t i o  f o r  S a i l  9 i n  t h e  519 vers ion is  re- 
duced t o  0.?’4 by the addi t i l jn  of two 1200-pound tapes  t o  the 
t r a i l i n g  edge. The f a i l u r e  a n a l y s i s  i n  Sect ion 4 . 3 . 3  v e r i f i e s  
the  f a i l u r e  pred ic t ions  of Figure 36 . 
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Suspension Lines 

Fig .  33 Main Parachute Assembly 
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Fig. 34. Structural Details of the Main Parachute Canopy 
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Fig. 35 . Main Parachute Structural Model 





4.3.2 Main Parachute Fai lure  Analysis 

Several  vers ions  of the R7661 main parachute were tes ted d u r i n g  
t he  evolu t ion  of  t h e  f i n s 1  design. For t h i s  ana lys i e  these 
vers ions  are anaiyzed i n  three g r o u p s .  The vers ions  i n  each 
g r o u p  a re  e s s e n t i a l l y  the same s t r u c t u r a l l y  and the  g r o u p s  c s r -  
respond to  the three ver.3ions analyzed i n  Sec t iGn  4.3.1 A l l  of 
these vers ions  have 75 percent of S ~ i l  5 removed. 

The f i rs t  g e n e - a t i o n  (Group l ) ,  cons i s t ing  o f  vers ions  501 through 
507, had f i v e  u l t i m a t e  s t r eng th  tests: D m p  Tests 29-3A, 46-2, 
46-1A, 46-3 and 48-4. c r o u p  2 cons i s t ing  of vers ions  509 through 
513, had three t e s t e  a t  o r  near  d e s i g n  u l t i m a t e  load: Drop Tests 
46-4, 46-5 and 70-3. 

G r o u p  3, which inc ludes  the present  spacecraft configurat ion,  
c o n s i s t s  of vers ions  515 through 519. This g r o u p  has had three 
u l t i m a t e  load tests i n  the f u l l  open condi t ion :  Drop Tests 
30-2, 30-3 and 82-4. 

Group 1 canopies were an ear ly  v e r s i m  w i t h  a minimum of  s a i l  
edge reinforcements (See Figure 34 ).  U s i n g  the a n a l y s i s  of 
Sec t ion  4.3.1, t oge the r  wi th  appropr i a t e  j o i n t  e f f i c i e n c y  and 
des ign  f a c t o r s  ( n e t  e f f i c i e n c y  = 0.52), g i v e s  a predicted u l t i -  
mate strength 31,100 l b ,  w i th  f a i lu re  s tar t ing a t  Sa i l  8. O f  
t he  f i v e  tests, three are considered nonrepresentat ive because 
of the following reasons: I n  Tes t  46-1A, the parachute was 
overloaded t o  33,900 l b  i n  the reefed condi t ion ,  which probably  
damaged c r i t i c a l  j o i n t s .  I n  Tests 46-3 and 48-4, Sa i l  8 fa i led  
by s p l i t t i n g  along the gore cen te r l ine .  Since the radial  seam 
j o i n t  is normally weaker than the base material, t h i s  t y p e  of  
f a i lu re  i n d i c a t e s  tha t  the s a i l  c l o t h  was damaged i n  t h i s  area. 
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P o s t  test  examination of the parachutes used i n  Tes ts  29-3A, 
46-1A and 46-3 revealed c reases  and small s p l i t s  along the gore 
c e n t e r l i n e s  o r  s eve ra l  s a i l s .  This damage was a t t r i b u t e d  t o  
improper  packing procedures. I n  t he  remaining two tests of  
Group 1, canopy f a i l u r e s  occurred a t  l cads  of 27,600 l b  i n  
Test  29-3A and 35,050 i n  T e s t  46-2. 
13 percent from the predicted f a i l u r e  load of  31,100 l b .  

These values  vary about 

The f irst  two t e s t s  of Group 2 canopies show good agreement 
wi th  predicted s t r eng tns .  
a t  a load of 32,350 l b ,  and i n  Test  46-5 which reached a load 
of 35,060 lb, a gore s p l i t  s t a r t e d  a t  a S a i l  7 r a d i a l  seam. 
The predicted ul t imate  load is 33,400 l b  w i th  f a i l u r e  a t  the 
t r a i l i n g  edge of S a i l  9. The f a i l u r e  t h a t  occurred i n  Test 
70-3 a t  22,390 l b  cannot be explained by the stress ana lys is .  
Both Group I and Group 2 canopies had been subjected to  higher  
loads than %hat  which caused f a i l u r e  i n  T e s t  70-3. However, 
these h igher  loads were achieved by increasing t e s t  dynamic pres-  
sure ,  whereas i n  Test  70-3 a heavier  t e s t  vehic le  was used t o  
achieve the high loading. The e f f e c t  of the heavy test vehic le  
is t h a t  peak loading occurs l a t e r  i n  the opening process, there- 
by increasing the loading i n  the lower s a i l s .  I n  the post  t e s t  
eva lua t ion  of t h i s  t e s t ,  i t  was concluded t h a t  the  canopy was 
s t r u c t u r a l l y  inadequate, and a s  a result ,  heavy re inforc ing  
r i n g s  were added t o  the  t r a i l i n g  edges of S a i l s  5 and 9. The 
separa t ion  of the p i l o t  chute  during Test 70-3 was not considered 
t o  have been an important f a c t o r  a t  t h a t  time. I n  two l a t e r  tests, 
80-3 and 80-33, p i l o t  chute separa t ion  preseded f a i l u r e  by gore 
s p l i t t i n g  a t  near l i m i t  load ( reefed) .  Although the mechanics 
of the  r e l a t i o n s h i p  cannot be determined with the information 
ava i l ab le ,  i t  is be l i eved  t h a t  these f a i l u r e s  were r e l a t e d  i n  
Test  70-3. 

I n  Test  46-4 no major damage occurred 
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Group 3 canopies have heavy " r i p  s top" bands on Sai ls  5 and 9 ,  
which increase  t h e  load required t o  s t a r t  gore  s p l i t t i n g ,  and 
a l so  prevent any s p l i t s  which might resul t  from deployment 
damage from propogathg t o  canopy co l lapse .  The predicted 
load f o r  s a i l  f a i l u r e  i s  approximately 40,000 l b  f o r  Group 3 
canopies,  but t h e  u l t imate  s t r e n g t h  is l imi t ed  t o  33,700 l b  
by the  s t r eng th  of  the  suspension l i n e s .  This p red ic t ion  is  
supported by t h e  th ree  ultimate s t r e n g t h  tests of G-wup 3 para- 
chutes.  I n  Test 30-2 no major damage occurred a t  32,840 l b s .  

I n  Test 82-4 t h e  t h r e e  suspension l i n e  breaks which occurred a t  
32,200 l b  were a t t r i b u t e d  t o  deployment damage i n  post  tes t  
evaluat ion.  I n  Test 30-3 ca t a s t roph ic  fa i lures  of suspension 
l ines  and r a d i a l  tapes occurred a t  34,300 lb s .  

A summary of  t he  main parachute f a i lu re  analysis  i s  presented 
i n  Table 2. 
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4.3.3 Main karachute Pressure Di s t r ibu t ions  and F i lm A n a l y s i s  

Pressure d i s t r i b u t l o n  data f o r  reefed parachutes are not a v a i l -  
able. I n  the stress a n a l y s i s  of the Apollo Earth Landing Sys tem,  
i t  was assumed t h a t  the pressure d i s t r i b u t i o n  a t  peak r i P e r  

load was uniform. Thls s t u d y  shows tha t  pressure d i s t r i b u t i o n s  
can be approximated by comparing predicted and measured canopy 
p r o f i l e s .  

A review of the Apollo Drop Test f i l m  coverage f a i l ed  t o  produce 
adequate p r o f i l e  views of the reefed main parachutes a t  the t i m e  
of peak loading. Two usable p r o f i l e s  were found, however f o r  
t he  parachute i n  steady s t a t e  descent.  

A p m f i l e  of t h e  first stage reefed canopy was found i n  a i r - t o  
a i r  coverage of Drop Tes t  46-1A. 
s l o t  and a s a i l  panel as  re ference  lengths ,  dimensions of the  
canopy were ca l cu la t ed  from the  photographic image. I n  the 
first stage t h e  canopy was observed t o  i n f l a t e  from the vent  
t o  the Sa i l  5 s l o t  only. U s i n g  the  leading edge of Sail 4 as 

By u s i n g  tne  widths  of the 

a starting poin t ,  the a n a l y s i s  method given i n  Sec t ion  3.1 was 
used  t o  so lve  f o r  the e q u i l i b r i u m  canopy shape. A range of 
pressure d i s t r i b u t i o n s  as shown i n  F i g u r e  37 i E  used t o  de- 
termine the s e n s i t i v i t y  of the canopy p r o f i l e  t o  v a r i a t i o n s  
i n  pressure. The first stage pressure d i s t r i b u t i o n s  have ze ro  
pressure from s k i r t  t o  the leading edge of S a i l  4 (66 percent 
of the d i s t ance  from s k i r t  t o  ven t ) ,  l i n e a r l y  increasing pres- 
sure t o  three loca t ions  above th i s  point ,  and then  cons tan t  
pressure t o  the vent .  Figure 38 shows the observed f irst  
stage p r o f i l e  compared t c  predicted p r o f i l e s  f o r  the  three 
f i rs t  stage pressure d i s t r i b u t i o n s  i n  F igu re  37 . The cons tan t  
pressure shape ( d i s t r i b u t i o n  A )  i s  seen t o  have a f l a t t e r  pro- 
f i l e  than t h a t  observed i n  photographs. Pressure d i s t r i b u t i o n  C 
produces a p r o f i l e  tha t  is i n  c l o s e  agreement w i t h  t h e  observed 
steady s t a t e  p ro f i l e .  
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A peak can be seen i n  the f i rs t  s t a g e  prof i le  a t  the vent. This 
appears to  be due t o  the p u l l  of the s t tached  p i l o t  chute. No 
provision has y e t  been made t o  the t h e o r e t i c a l  model t o  account 
f o r  t h i s  a f f e c t .  

Since the canopy is not c r i t i c a l  during steady s t a t e  descent,  
the i n t e r n a l  load predic t ions  are not included here. For the 
in t e rna l  load predic t ions  of the main parachute d u r i n g  the  open- 
i n g  process, see the stress-time s t u d y  i n  Sect ion 4.3.4. 

A p r o f i l e  of the second stage reefed main parachute was found 
on ground-to-air coverage of Drop T e s t  82-1R. The canopy was 
observed t o  i n f l a t e  from the vent t o  the leading edge of Sa i l  8. 
U s i n g  t h i s  starting point,  the a n a l y s i s  method given i n  Sec t ion  
3.1 was used to  solve f o r  e q u i l i b r i u m  canopy shape. The second 
stage pressure d i s t r i b u t i o n s  shown i n  F igu re  37 are used t o  
*ow the s e n s i t i v i t y  of the canopy p r o f i l e  t o  v a r i a t i o n s  i n  
the pressure d i s t r i b u t i o n .  The d i f f e r e n t i a l  pressures are zero  

below Sail  8 (33 percent of the d i s t ance  from s k i r t  t o  vent ) ,  
increasing l i n e a r l y  t o  three l o c a t i o n s  above the first i n f l a t e d  
s a i l ,  and then remain constant  t o  the vent. Figure 39 shows 
the observed p r o f i l e  compared t o  vredicted p r o f i l e s  f o r  the 
three second stage pressure d i s t r i b u t i o n s  i n  Figure 37. Pres- 
sure d i s t r i b u t i o n  C produced b e s t  agreement with the measured 
p ro f i l e  b u t  fu r the r  refinement of the pressure d i s t r i b u t i o n  
would improve t h i s  comparison. Since the s t e a d y  s ta te  descent 
phase of the second s t age  is not c r i t i c a l ,  the i n t e r n a l  load 
predic t ions  are not  presented here. The i n t e r n a l  loads a t  the 
c r i t i c a l  times i n  the opening process a r e  discussed i n  Sec t ion  
4.3.4. 

Pressure d i s t r i b u t i o n  f o r  the  f u l l y  i n f l a t e d  r a i n  parachute i s  
approximated by i n t e rpo la t ing  the wind tunnel test  data taken 
from Reference 20 f o r  a s o l i d  c i r c u l a r  and a r i n g s l o t  

92 NVR-6432 



parachute.  Figure 40 shows the resul t ing d i s t r i b u t i o n  with 
peak pressure a t  tihe s k i r t .  While the i n f i n i t e  mass condi t ion  
of  wind tunnel  testing is considerably d i f f e r e n t  from the drop 
t e s t  condi t ions  b e i n g  analyzed, t h i s  is the oest data a v a i l a b l e ,  
and the a n e l y s i s  which follows shows reasonable c o r r e l a t i o n .  

It has  been observed i n  drop t e s t  f i l m s  t h a t  the parachute is 
r o t  i n f l a t e d  t o  if;s maximum diameter a t  the time of peak riser 
load.  (See stress-time ana lys i s ,  Sec t ion  4.3.4).  For t h i s  
reason the disreefed canopy is analyzed a t  both the time of rnaxi- 
mum diameter and t i m e  of peak riser load .  

Figure 41 shows tha t  the pressure d i s t r i b u t i o n  described above 
produces a good comparisor. o f  predicted and measured canopy shapes 
f o r  the time o f  maximum diameter. The measured canopy shapes are  
from the onboard coverage of  Drop Tests 30-2 and 32-4. The methDd 
of ob ta in ing  canopy dimensions from the  photographic image is de- 

sc r ibed  i n  Sec t ion  4.1.4. Measurements of  the canopy a t  the  t i m e  
c;.f perk r iser load, however, i n d i c a t e  a smaller canopy. By ex- 
tending the  pressure d i s t r i b u t i o n s  used i n  the a n a l y s i s  of  reefed 
canopies,  the second d i s t r i b u t i o n  i n  Figure 40 was found t o  
produce a shape tha t  agreed with drop tes t  measurements as shown 
Ln Figure 42 .  The pressure d i s t r i b u t i o n  i n d i c a t e s  low p r e s s u r e  
a t  the s k i r t ,  increas ing  l i n e a r l y  t o  a l o c a t i o n  above the s k i r t  
equal $0 12 percent of the rad ia l  t a p e  length, and then  remaining 
cons tan t  t o  the vent. I n t e r n a l  load p red ic t ions  f o r  the canopy 
a t  the times of maximum diameter and peak riser load are presented 
i n  Sec t ion  4.3.4. 

Resul ts  o f  t h i s  s t u d y  show t h a t  t h e  d i f f e r e n t i a l  pressure d i s t r i -  
but ions on reefed and open canopies can be approximated from 
photographic records of  canopy shape . 
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Fig. 38. Comparison o f  Measured and Predicted P r o f i l e s  f o r  
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Fig. 40. Fully Inflated Main Farachute Pressure Distributions 
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4.3.4 Stress-Time S t u d y  of t h e  Apollo Main Parachute 

Previous analyses  of r;he main parachute considered on ly  t h ree  
i n s t a n t s  of the  i n f l a t i o n  process.  F i r s t  s t age  reefed,  second 
s tage  reefed,  and f u l l  open. It was assumed t h a t  maximum i n -  
t e r n a l  loading occurred s t  the  i n s t a n t  of maxirnm r i s e r  loading 
f o r  each of  the th ree  s tages  and t h a t  a l l  the  s a i l s  i n  the 
s tage  were i n f l a t e d  a t  t h i s  time. The present ana lys i s  improves 
the margin of s a fe ty  c a l c u l a t i o n s  by e l iminat ing t h e  above as- 
sumptions.  

I n  o rde r  t o  c o r r e l a t e  a n a l y s t i c a l  results w i t h  empirical  evidence, 
t he  canopy i s  analyzed a t  times corresponding t o  the i n s t a n t  
each s a i l  becomes i n f l a t e d .  The term " i n f l a t e d "  i s  defined a s  
the t i m e  a t  which a sa i l  ceases  t o  f l u t t e r  randomly. The 
empir ical  da ta  needed includes t h e  r i s e r  load and pressure d i s t r i -  
but ion over  t he  canopy a s  each s a i l  i n f l a t e s .  Photographic 
coverage provides the time a t  which each s a i l  becomes i n f l a t e d  
and the load-time t r a c e  g i v e s  the  riser loading a t  each of 
these  times. Since t h e  parachutes xe re  not instrumented t o  r e -  
cord pressure d i s t r i b u t i o n ,  t h e  canopy shapes a r e  used t o  i n f e r  
the pressure d i s t r i b u t i o n .  

Drop Test 82-2 was found t o  be the  mast acceptable  t e s t  t o  pro- 
vide the needed empir ical  da ta .  The t e s t  r e s u l t e d  i n  high canopy 
loadings f o r  a l l  t h ree  s t a g e s  of i n f l a t i o n  and had good cor- 
r e l a t io r ,  between f i l m  coverage and the load t r ace .  A comparison 
of tes t  loads  w i t h  design u l t i m a t e  loads  is given below: 

Stage Design Ultimate Max. Test Load 

Stage 1 Reefed 29,700 l b s  20,375 l b s  
Stage 2 Reefed 32,000 l b s  32,710 l b s  

Stage 3 Disreefed 30,900 l b s  28,135 l b s  
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The t e s t  loads a t  the se lec ted  times a r e  mult ipl ied by the  r a t i o  
of t he  design u l t imate  t o  the maximum test load f o r  t h a t  s tage .  
This ca l cu la t ion  is  va l id  because the  i n t e r n a l  loads vary l i n e a r l y  
over s h o r t  ranges of loading a s  was shown i n  Sect ion 4.1.3. 
Table 3 g ives  the  design loads used i n  t h i s  s t u d y .  

By u s i n g  assumed pressure d i s t r t b u t i o n s  and the design loads 
l i s t e d  above, the  i n t e r n a l  loading a t  each s t a t e  of i n f l e t i o n  
was ca lcu la ted  by computer program CANO. The conputer program 
a l s o  calcLlated canopy shapes f o r  each s t a t e  of i n f l a t i o n .  The 
a n a l y t i c a l  shapes were compared t o  measured shapes from photo- 
graphic  coverage of T e s t  82-2. If the  shapes d i d  not  agree for 
a p a r t i c u l a r  s t a t e ,  the pressure d i s t r i b u t i o n  was revised and a 
new computation was made. This procedure was continued u n t i l  
the  a n a l y t i c a l  canopy shapes a t  each s t a t e  of  i n f l a t i o n  matched 
the  measured shapes. Figure 43 shows the pressure d i s t r i b u t i o n s  
t h a t  produced good agreement of canopy shapes. 

The pressure d i s t r i b u t i o n s  i n d i c a t e  t h a t  a s  t he  i n f l a t i o n  process 
cont inues,  the i n f l a t e d  por t ion  of the canopy has low pressice 
a t  i t s  leading edge, increasing t o  a uniform pressure over the 
upper por t ions  of t he  canopy. The uninf la ted  por t ion  of t h e  
canopy i s  assumed t o  have zero d i f f e r e n t i a l  p r e s s u r e .  For ex- 
ample, a t  the  i n s t a n t  S a i l  6 in f l a . t e s ,  43 percent  of t he  caiopy 
i s  unlnf la ted  and t h e  leading edge of S a i l  6 has  a Z l f f e r e n t i a l  
pressure of 0.1, increas ing  l i n e a r l y  t o  a po in t  62.5 percent of 
t h e  d i s t ance  from the  s k i r t  t o  t h e  vent. The pressure then re- 
mains uniform t o  the  vent. A t  the  time of maximum canopy d ia -  
meter, the pressure is maximum a t  t h e  s k i r t .  Accurate p r o f i l e  
views of t he  i n f l a t i n g  canopy would improve the assumed pres- 
sure  d i s t r i b u t i o n s  shown i n  Figure 43. The best photographic 
coverage of Test  82-2 was provided by the ground-to-air  cameras. 
P r o f i l e  views of  the  canopy were l imi t ed  t o  the  e a r l y  s t a t e s  of 
i n f l a t i o n .  
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The shape of the canopy a f t e r  f i r s t  s tage  d i s r e e f  was based on 
measrirements o f  maximum diameter,  s k i r t  diameter and suspension 
l i n e  angle. Some e r r o r  can b e  exoected in the  presEure d i s t r i -  
but1or.s cljtained by matching t h e  a n a l y t i c a l  shape t o  o n l y  these  
t h r e e  measured q u a n t i t i e s .  The a c t u a l  canopy dimensions f o r  
each s t a t e  of  i n f l a t i o n  were ca lcu la ted  by   sing the  leni. th zf 
var ious canopy elements, such a s  s l o t  w i d t h ,  s a i l  1Sridt.h and 
reef ing  l i n e  diameter a s  reference lengths .  

Figure 44 shows the  riser load-time t r a c e  f o r  t he  design loads  
i n  Table 3. Figure 45 shows the  c r i t i c a l  s a i l  loadings as a 
func t ion  of time. The c r i t i c a l  s a i1 , load ing  f o r  the e n t i r e  
i n f l a t i o n  process  occws a t  S a i l  1 j u s t  a s  S a i l  4 i n f l a t e s .  
The r i s e r  load a t  t h i s  time i s  29,700 pounds as  compared t o  a 
maximurn riser load of 32,200 pounds occurring j u s t  a s  S a i l  6 
i n f l a t e s .  
s a i l  throgghout t he  i n f l a t i o n  process. 

Figures 46, 47 and 48 show the loading on each 

The dashed l i n e s  i n  F igu res  45, 46, 47 and 48 i n d i c a t e  assumed 
s a i l  loadings f o r  the  por t ions  of t he  i n f l a t i o n  process t h a t  
were not analyzed. These por t ions  of the process a r e  a t  times 
of decreasing riser load when the canopy is  approaching a 
steady s t a t e  condition. 

Resul t s  of t h i s  s t u d y  show t h a t  the  assumption t h a t  t he  maximum 
s a i l  load-strength r a t i o  f o r  each s t age  occLirs a t  the  time of 
maximum r iser  load f o r  t h a t  s t age  is  va l id .  The assumption 
t h a t  maximum riser load f o r  a s t a g e  occurs  when a l l  s a i l s  of 
tha t  s t age  become i n f l a t e d  i s  va l fd  f o r  the first reefed s t a g e  
and f u l l  open, b u t  is not t r u e  f o r  the  second reefed s tage.  
Peak r i s e r  load f o r  t he  second reefed s t age  occurs j u s t  as 
S a i l  6 becomes i n f l a t e d ,  1.08 seconds before  complete i n f l a t i o n  
of t h i s  s tage .  
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Table 3 . 
ime From 
aunch (sec) 
23 94 

24.09 

24.30 

27.40 

27.90 

28.31 

28.98 

34 30 

34.74 

34.92 

35.11 

35 927 

35.36 

35 9 63 

Load-Time H i s t o r y  Used f o r  the Stress-Time Study 

Inflation 
State  

Sail  2 
Inflated 
Sail  3 
Inflated 
Sail  4 
Inflated 

M.C.D.R. 1 

Sail  6 
Inflated 

Sail  7 
Inflated 
Sail 8 
Inflated 

M.C.D.R. 2 

Sail  9 
Inflated 

Sail  10 
I n f  I ated 

Sail  11 
Inflated 
Peak Load 

Sail 12 
Inflated 
Sail  12 
Expanded* 

Test Lcac 
( l b s )  

16,430 

17,970 

20,375 

32,710 

26,780 

13,330 

18,140 

22,380 

26,840 

28,135 

26,782 

15,370 

* A t  time of maximum s k i r t  diameter. 

? 

Load 
Ratio 

29, 7OC 
20,375 
29,700 
20,375 
29,700 
20,375 

32,200 
32,710 

32,2~0 

32,200 
32,710 

32,710 

30,909 
28,135 

30,900 
28,135 

30,900 
28,135 
30,900 
28,135 

30,900 
28,135 

Design Loa 
( l b s )  

24,026 

26,195 

29,700 
:Stage 1 
Peak Load) 

32,200 
:Stage 2 
Peak Load) 
2'5,350 

19,060 

19,920 

24,580 

29,476 

30,90c 
(Stage 3 
Peak Load 
29,414 

16, goo 

NOTE: M.C.D.R. denotes "Main Canopy Disreef" 
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Table 4 shows t h e  maximum radial tape load-strength r a t i o  f o r  each 
of t h e  states of i n f l a t ion .  
t he  rated strength occurs juEt as Sail No. 6 i n f l a t e s .  Thus, t h e  
radial tape load-strength r a t i o  Is m a x i m  a t  t he  time of maxim, 
riser load. 

Peak radial  load of 68.1 percent of 

Table 4. Load-Time History of Yaln Parachute Radial Tape 
- -- t. -- a 

1 T h e  from Number of Xaxirnum Radial Lccation of 
Launzh S&.ils I n f l a t e d  mpe L o a d i n g  Xaximux Load 

Load 
Rated Strength sec f 

--_ - __ . ---- ' I 

23.94 2 

f4.W 3 
24.30 4 

6 I 27 90 
28.31 7 
28.98 1 a 
34 .74 9 
34.92 10 

I 

i 

35.11 11 
35.36 12 

0.553 
0.631 
0.681 
0.564 
0. hi6 
0.444 

0.525 

0.505 1 L.E., S a i l  2 
Xiddle ,  Sail 3 
Niddle ,  S a i l  -c 
iciddle,  Sai l  6 
L.E., Sail 6 
Niddle ,  Sal: 7 
Kiddle ,  S a i l  8 
M d d l e ,  Sa i l  9 

I 0.634 : L.E., Sail 10 
0.635 . L . E . ,  Sail 11 

Margin of s a f e t y  ca l cu la t ions  for  t h e  c r i t l c a l  e n t r y  condi t ion  are 
presented I n  Appendix B. 
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4.3.5 O p t i m u m  Weight Calculat ion f o r  the Main Parachute 

Since weight is one of the  most c r i t i c a l  parameters i n  designing 
spacecraf t  recovery systems, a n  i n s i g h t  t o  the t h e o r e t i c a l  
weight optimum of a parachute would be u s e f u l .  A t h e o r e t i c a l l y  
optimum parachute would have continuous members (100 percent  
J o i n t  e f f i c i ency)  and a a t e r i a l s  t h a t  would be j u s t  strong enough 
a t  every point  to withstand the design loads.  

Although t h i s  optimum weight is a value that  can never be achieved 
i n  p rac t i ce ,  it serves as a ya rds t i ck  f o r  judgiw the e f f i c i ency  
of a parachute design. Optimum weight could a l s o  serve  as a 
sound basis f o r  pred ic t ing  the  weight of a new design. Optimum 
weight f a c t o r s  f o r  ex is t i t lg  parachutes of' given t y p e  and class 
could be computed and averaged t o  ob ta in  a t y p i c a l  value. The 
product of this f a c t o r  and the ca l cu la t ed  optimum weight f o r  a 
new des ign  of the same t y p e  and c l a s s  would g ive  a predicted 
weight. 

I n  t h i s  s t u d y ,  two optimum weight f a c t o r s  are ca lcu la ted .  The 
first f a c t o r  is the r a t i o  of spacecraft main parachute weight 
t o  optimwn parachute wefght including t y p i c a l  j o i n t  e f f i c i e n c i e s .  
The second f a c t o r  is the r a t i o  of present  main parachute weight 
t o  optimum parachute welght assaming 100 perceut j o i n t  e f f i c i e n c i e s .  
This factor g ives  an  absolu te  optimum weight by assuming a l l  the 
members t o  be continuous as w e l l  as being of minimum strength. 
Redundant members (the two r ip-s top  bands and one of the first 
stage reefim l i n e s )  are omitted from the ca l cu la t ion ,  as are 
nons t ruc tura l  items such as reefing l i n e  c u t t e r a  and pockets. 

The strength-to-weight r a t i o  f o r  a fabric material is found 
by d iv id ing  its rated strength by its dens i ty  i n  cons i s t en t  
un i t s .  The strength-to-weight r a t i o  has u n i t s  of length and 
can be visua l ized  as the length that could j u s t  suppor t  its 
own weight. 
f o r  tapes, 1.56 x l b  in .  f o r  cofd, and 0.81 x 10 in.  f o r  c lo th .  
These values  a r e  average minimums f o r  f a b r i c  materials i n  the 
"Parachute Handbook . 

6 The values  used i n  t h i s  a n a l y s i s  are 1.11 x 10 i n .  
6 6 
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U s i n g  the  r e s i i l t s  c f  the parachute opening s t ress - t ime s t u d y  
(Sect ion 4.3.4), an eva lua t ion  of optimum canopy weight was made 
by  reducing the Pated s t r e w .  of  each canopy member t o  g i v -  
a zerc  margir, c,f s a f e t y .  Ef  Aciency f a c t o r s  such a s  j o i n t  e f -  
f i c i ency ,  a b r a s i m ,  and unsymmetrical loading were include? ts 
g ive  a r e a l i s t i c  weight comparison w i t h  the present spacecraf t  
parachute (thermal f a c t o r s  were neglected t o  s i m p l i f y  the  
a n a l y s i s ) .  After the ra ted  s t r eng ths  had been reduced, ad- 
d i t i o n a l  compiter r u n s  were made a t  each of  the  c i i t t i c a l  loading 
c s n d i t i o n s  lxsirg averaged load - s t r a in  curves. The e q u i l i L - i u m  
shape and i n t e r n a l  loadi rg  was found f o r  the pressure d i s t r i -  
b i i t i ons  s l m w r ,  i n  Figure 43 . Eased on  the r e s u l t s  of these 
ccmputer  r ims ,  the  ra ted  strengths Here again revised t o  g ive  
zer3  margirls c.f s a f e t y  for a l l  elements and f u r t h e r  c m p u t e r  
r u n s  were mar. This procedure xas continued u n t i l  the  computed 
LntPrnal loads resulted i n  zem margins of s a f e t y  f o r  a l l  canopy 
elements. Average strength-to-weight r a t i o s  f o r  tape,  c l o t h  and 
cord were then used t o  c m p u t e  the opt imum canopy weight of the 
parach:!te. by u s i n g  the same average strength-to-weight r a t i o s ,  
the weight o f  the  spacec ra f t  parachute was a l s o  found. The r a t i o  
Df w e  spacec ra f t  n a i n  parachute weight  t o  the opt imum parachute 
weight w i t n  t y p i c a l  j o i n t  e f f i c i e n c i e s  is 1.53. To o b t a i n  the 
second 3f the optimum weight f a c t o r s ,  the rated strength of each 
zlement i n  the parachute was reduced t o  g ive  a zero margin of 
s a fe ty  f w  100 percent j o i n t  e f f i c i ency .  The weight of the 
par*achi:tt: was then fcund by using the same average s t rength- to-  
weight r a t i 3 s  a s  were used above. Table  5 contains the weight 
Df each parachute component f o r  the spacec ra f t  des ign ,  f o r  the 
optimum d e s i g n  wi th  t y p i c a l  j o i n t  e f f i c i e n c i e s  and f o r  t he  
optimum design w i t h  100 percent  j o i n t  e f f i c i e n c i e s .  The r a t i o  
of spacezraf t  main parachute weight t o  optimum parachute weight 
w i t h  100 ,ercent  j a i n t  e f f i c i e n c i e s  is 2.17. 
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Table 5 . Comparison of Apollo Main Parachute Weight 

Item 

Suspension 
Lines 
Sail 1 

Sail 2 

Sail 3 
Sa i l  4 
Sa i l  5 
Sail 6 
sail 7 
Sail 8 
Sail 9 

Sail 10 

Sail 11 
Sail 12 

S k i r t  Band 

Vent Band 
Vent Lines 
F i r s t  Stage 
Reefing L i n e  

Second Stage 
Reefing Line 
Radial Tapes 
Total 

with Theoretically Opt imum Weights. 

~~ 

Spacecraft 
DesiRn 

42.10 l b s  

1.15 
2.53 
3.89 
5 -38 
3 -29 
4 -14 
4.77 
5.13 
9 -72 
5-30 
5 -75 
6.12 
6.51 
0 -67 
0 -62 

0.52 

0.89 
22 -00 

130.48 l b s  

Optfmurn 
1" 

41.19 l b s  

1.08 
2.22 

2.43 
2.49 
0.65 
1.92 
2.24 

2.59 
2.89 
1.50 
1.38 
0 -73 
3-00 
0.56 
0 -26 

0.15 

0.49 
17.66 
85.43 l b s  

O p t i m u m  

30.89 l b s  

0.54 
1 .ll 

1.21 

1.25 
0.34 
0.37 
1-11 

1.30 
1.44 

0-75 
0.69 
0.36 
2.73 
0.51 
0-16 

0.14 

0.33 
14.30 
60.13 lba 

* Opt imum 1 inclu&s typical joint  efficiences. 
++ Opt imum 2 includes 1- joint efficiencles, 
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SECTION 5.0 
PILOT CHUTE RISER DYNAMICS 

A series of riser dynamics t e s t s  were performed a s  p a r t  of an 
effort  t o  determine the  cause of two f a i l u r e s  tha t  had occurred 
i n  Apollo drop tests conducted i n  Augus t  of 1967 (Tests 80-3 
and 80-3~). 
failed a t  time of main parachute canopy s t r e t ch .  Eoth f a i l u r e s  
were, therefore, due t o  impact loadings rather than parachute 
opening loads. The predicted loads, u s i n g  ana lys i s  methods 
employed a t  t h a t  time, were well below t h e  strength of the  riser 
assembly. In addition, the failures occurred i n  free lengths, 
rather than i n  the j o i n t s  which are weaker than the  parent 
material. In order t o  s tudy  the  mode of f a i l u r e ,  the f ab r i c  
r h e r  dynamics tests were conducted i n  the Northrop Ventura 
laborator ies .  The r e s u l t i n g  data are the  subject  of t h i s  
ana lys i s  . 

I n  both drop test cases, the p i l o t  chute riser 

Longitudinal impact l o a d i n g  was applied a t  a ve loc i ty  of 
300 f t / s ec  to  samples of p i l o t  chute riser material (nylon 
webbing) and structure elements. Test data consisted of high 
speed fflm sequences and s t r i p  chart force  gage records.  It i s  
the purpose of t h i s  study to  explain these data and t o  prepare 
recommendations for addi t iona l  riser dynamics t e s t  and analysis. 

The approach employed i n  the endeavor t o  understand the  phenomena 
occurring during the impact loading of the  specimens is  to  first 
perform a simplified analysis of t h e  observed wave motion. The 
method of c h a r a c t e r i s t i c s  i s  applied to  an  approximate mathematical 
model obtained by the appl ica t ion  of e l s f e n  assumptions regarding 
the  system boundary conditions,  material properties and general  
behavior. The most s ign i f i can t  of these approximations are the  
assumptior.s t h a t  the  nylon webbing used i n  the  specimens behaves 
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i n  a l i n e a r - e l a s t i c  manner and t h a t  the  e l a s t i c  modulus i s  
independent of loading rate. The a p p l i c a t i o n  of t h i s  method of 
a n a l y s i s  con t r ibu te s  s i g n i f i c a n t l y  t o  t h e  understanding of t h e  
performance of the t e s t  specimens b u t  i s  unsui table  for the  
p red ic t ion  of webbing s t r e s s e s ;  i.e., t h e  assumptions used are 
excessively r e s t i % i c t i v e .  T h i s  work is  described i n  Sect ion 5.4. 

When the  complexity of the  problem i s  increased by the necessary 
annulment of s eve ra l  of the  assumptions l i s t e d  i n  Sect ion 5.4, 
the  m e  of a high speed computer becomes desirable. Section 5.5 
is a desc r ip t ion  of a computerizcil a p p l i c a t i o n  of the f i n i t e  
d i f f e rence  method of s o l u t i o n  t o  the  system of p a r t i a l  d i f f e r e n t i a l  
equations,  boundary condiSions and i n i t i a l  condi t ions cppropr ia te  
t o  more accura te  r ep resen ta t ion  of t h e  r e a l  system. 

, 

The arrangement of test  apparatus  used i n  these tests i s  shown 
i n  Sect ion 5.1 and desc r ip t ions  of t h e  test specimens and 
2elevant  ma te r i a l  p r o p e r t i e s  a r e  presented i n  Sect ion 5.2. Force 
gage d a t a  are presented i n  Sect ion 5.3. Seven f i l m  sequences 
have been s t u d i e d  q u a n t i t a t i v e l y  and p l o t s  of p o s i t i o n  v e r s u s  
time have been constructed f o r  each specimen gage mark. 
s e n t a t i o n  and i n t e r p r e t a t i o n  of these r e s u l t s  is  given i n  
Sect ion 5.6. 

A pre- 

5.1 TEST EQUIPMENT A N D  PROCEDURE 

The equipment used i n  the rise& dynamic t e s t s  is shown i n  
Figure 49. 

The speclmens were suspended under l i g h t  tens ion  between the  
loop r e l e a s e  mechanism and the  r e s i s t a n c e  element type fo rce  
gage. The fo rce  gage was a t tached  t o  an extremely r i g i d  <-'?ad- 
man beam. Gage mzrks were painted on the trunk of t h e  sdt! imen 
a t  two-foot i n t e r v a l s .  
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The impact wheel was brought up t o  a r o t a t i o n a l  speed t h a t  gave 
a rim speed equal to  approximately 300 f t / s ec .  The impact loop 
was then re leased  and allowed t o  be engaged by the wheel r i m  
hcak. The r e s u l t i n g  motion of the system was photographed 
aga ins t  a background g r i d  using high speed motion p i c t u r e  cameras. 
The fo rce  gage output was preserved by fieans of a s t r i p  c h a r t  
recorder  . 
The (nominally) ten-inch diameter impact loop was fab r i ca t ed  
from 6000-pound test tubular  nylon cord using a "Chinese finger'' 
j o i n t  w i th  s u f f i c i e n t  overlap t o  provide four  a c t i v e  load car ry ing  
cords. There was EO q u a l i t y  con t ro l  on the f a b r i c a t i o n  of t h i s  

p a r t  of the t e s t  s t r u c t u r e .  

The high speed films a r e  of va r i ab le  qua l i t y .  Only the tests 
f o r  which the high speed films a r e  readable  a r e  considered i n  
t h i s  r epor t .  These tests and the r e spec t ive  impact v e l o c i t i e s  
a r e  l i s ted  i n  Table 6 . 
5.2 DESCRIPTION OF SPECIMENS AND MATERIAL PROPERTIES 

The cons t ruc t ion  and materials of the nylon webbing specimens 
are shown i n  Figures  50 and 51. A l l  m a t e r i a l  of a given spec i -  
f i c a t i o n  was obtained from the  same l o t .  Notice t h a t  one of 
the webbings i n  the t runk of specimen type D4 was d e l i b e r a t e l y  
made approximately 3 percent  longer than the other .  The purpose 
of t h i s  was t o  determine the e f f e c t  of mismatching on riser 
s t r e n g t h  . 
The unstrained l i n e a l  dens i ty  and the s t a t i c  l oad - s t r a in  curve 
for each type of webbing used i n  t h e  t e s t  sFecimens a r e  given 
i n  Figures  52 and 53. The s t r a i g h t  l i n e  approximation used in 
the approximate l i n e a r - e l a s t i c  a n a l y s i s  a r e  superimposed over 
the nonl inear  s t a t i c  curves. 
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I n  o r d e r  t o  use the noElinear curves i n  a computer c a l c u l a t i o n ,  
it i s  necessary t o  e i t h e r  s t o r e  the  c w v e  i n  d i g i t a l  form o r  i n  
the  form of  an approximating funct ion.  An approximating func t ion  
i n  the  form of a l e a s t  squares bes t  f i t  f i f t h  order polynomial 
has been obtained f o r  the  MIL-W-5625 3/4 inch nylon webbing used  
i n  a l l  f o u r  types of  t es t  specimens. The expression, p l o t t e d  
i n  Figure 52 is  

4 Y = (1.827041 x 10 ) - (3.553943 x l o 5 )  c 2  

+ (3.680853 x 10') c 3  - (1.164287 x l o 7 )  c4  

+ (8.459224 x 10') c5 

Because of s i m i l a r i t y  of l oad - s t r a in  curves, t h i s  expression i s  

used by scal.1ng f o r  the MIL-W-4098 webbing i n  Sect ion 5.5. 

References23and25 show tha t  f o r  t he  case of cons tan t  average 

s t r a i n  rate, thc  load - s t r a in  curve of nylon yarn depends upon 

the  ra te  of loading. Therefore, a p r i o r i  s e l e c t i o n  of We 

s ta t ic  curves f o r  use as dynamic curves i n  the case of nylon 
i n  the  form of webbing I s  n o t  j u s t i f i e d .  However, i n  Sect ion 5.5 
the  s t a t i c  curves are used as an approximation. 

It is conceivable t ha t  the  c o r r e c t  dynamic equation of s ta te  f o r  

nylon webbing is  a d i f f e ren t i a l  equation involving stress, s t r a i n ,  
s t p a i n  ra te  and perhaps even strain h i s t o r y ?  These tests were 
not  comm-ehensive enough t o  de r ive  such an equation of s ta te  but  
in Sect ion 5.6 an es t imate  of the  load - s t r a in  pa th  a c t u a l l y  
followed by the webblng i n  each tes t  I s  given. 

26 
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5.3 FORCE GAGE DATA 

Deadman force  as a func t ion  of t i m e  is shown f o r  each test i n  
Figures 54 - 60. The experimental data d i d  not y i e ld  a fo rce  
gage time reference w i t h  respec t  t o  o the r  events  of the t e s t .  
Therefore, the zero time po in t s  on the  hor izonta l  axes a r e  a t  
arbitrary loca t ions .  The peak deadman fo rce  fo r  each t e s t  is 
r iven  i n  Table 6 . 
Inspect ion of the  fo rce  gage curves shows a s i g n i f i c a n t  
d i f fe rence  between t h e  general  shapes f o r  the  cases  of s i n g l e  
and double webbing trunks. For the single webbing case (Fig- 
ure 59 ) the  L n l t i a l  p a r t  of the curve i s s l o p e d ,  w i th  small 
o s c i l l a t i o n s ,  whereas f o r  the double webbing case ( a l l  other 
. s t s )  t h e  i n i t i a l  p a r t  of the curve d i sp lays  l a rge  o s c i l l a t i o n s .  
I n  both cases t h e  i n i t i a l  o s c i l l a t i o n s  tecd t o  decay, and a 
steady p o s i t i v e  s lope  occurs p r i o r  t o  failure. 

Table 6 shows that, on the average, the mismatched specimens 
suffered a 9 percent  decrease i n  peak load relative t o  the 
c o r r s c t e l y  f ab r i ca t ed  specimens. The averzge peak load 
a t t a i n e d  by the simulated risers (D3 and 04) is 15 percent 
g r e a t e r  than the peak load a t t a i n e d  by the riser sample (D6).  

5.4 THE LINEAR-ELASTIC APPROXIMATION 

5.4.1 Assumptions 

A s  a first s t e p  i n  developing an understandlng of the performance 
of the specimens in the riser dynamics teats, the l i n e a r - e l a s t i c  
case f o r  longitudinal waves is considered. Eleven assumptions 
a r e  involved , in  the cons t ruc t ion  of the  mathematical model. 
They a r e  as follows: 
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The l o a d - s t r a i n  curve of the specimen mater ia l s  Ltnder 
dynamic lcadtng is independent of  r a t e  of loading and 
s t r a i n  h i s t o r y  and i s  r e l a t e d  t o  the s t a t i c  l o a d - s t r z i n  
curve i n  the secant  fashion i l l u s t r a t e d  i n  Reference 27 
and applied t o  the mater ia l s  of  the sub jec t  t e s t s  as  
shown i n  Figures 52 and 53. 

The end of the specimen moves a t  the same ve loc i ty  
a s  the  r i m  of the impact wheel once the haok is en- 
gaged. The impact loop is  assumed t o  possess zero 
s t i f f n e s s  u n t i l  It is extended i n t o  a s t r a i g h t  l i n e  
and is assumed to  be pe r fec t ly  r i g i d  t h e r e a f t e r .  

The impact wheel r i m  speed remains cons tan t  a t  i ts  
i n i t i a l  value V,. ( I n  r e a l i t y ,  the wheel r i m  speed 
decreases due t o  the r e a c t i o n  of ‘;he specimen.) 

No mater ia l  i s  wrapped on t o  the impact wheel. The 
re l axa t ion  of t h i s  assumption makes the  moblem non- 
l i n e a r  even though assumption a )  i s  maintained. 

Specinten displacements a r e  small and l i n e a l .  

The wave propagation speed is very l a r g e  r e l a t i v e  
to  the ve loc i ty  of the mass p a r t i c l e s .  
the  ve loc i ty  of  the  waves r e l a t i v e  to the labora tory  
can be taken t o  be the  same a s  the ve loc i ty  i n  a 
re ference  sys tem f ixed i n  the specimen. 

Therefore, 

Variat ions i n  l i n e a l  dens i t ]  and s t i f fness  occurr ing 
over d i s t ances  of f o u r  inches o r  less a r e  modeled a s  
a single s tep .  This assumption has the e f f e c t  of 
el iminat ing the  d e t a i l s  of the cons t ruc t ion  of the 
specimens a t  t he  ends of the  overlay reinforcements. 

The s t r e s s ,  s t r a i n ,  displacement and ve loc i ty  are 
uniformly d i s t r i b u t e d  over  t he  c ros s  s e c t i o n  of 
the specimen, even near d i s c o n t i n u i t i e s .  
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i )  The specimen is pe r fec t ly  f ixed a t  the  deadman end. 

j) There is no i n t e r a c t i o n  between t ransverse  and 
longi tudina l  waves. 

k )  The k i n e t i c  energy due t o  c ros s  a x i s  s t r a i n  i s  
negl ig ib le .  

5.4.2 Method O f  Analysis 

The behavior of a s y s t e m  t o  which the preceding assumptions 
apply can be predicted by means of  the app l i ca t ion  of f o u r  
'basic r e s u l t s .  

a)  The long i tud ina l  wave propagation ve loc i ty  i n  
s e c t i o n  j of the specimen i s  given by: 

wherc k is  t h e  s lope  of  the l i n e a r  l oad - s t r a in  J 
curve f o r  the  specimen mater ia l  i n  s e c t i o n  
j and P is t h e  respec t ive  l i n e a l  dens i ty .  

j 
(Reference 24 j 

b )  Immediately following the i n i t i a t i o n  of the s t e p  
ve loc i ty  impac t  a t  t = 0, a s t r a i n  wave propagates 
away f r o m  the impact end with cons tan t  ve loc i ty  

The s t r a i n  in f r o n t  of the  wave is zero and the 
s t r a i n  behind t h e  wsve i s  given by 

= Qo - 
C 1  

0 

(Reference 24)  
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c )  When a e t r a i n  wave impinges on a d i scon t inu i ty  i n  the 
specimen, i t  is, In gerAeral,  attcnu::c::(! o r  anp l i f i ed  
and a r e f l e c t i o n  wave is  generated.  The r e f l e c t i o n  
c o e f f i c i e n t  of the d i scan t inu r ty  between sec t ion  j and 
s e c t i o n  j + 1 is  given by: 

ka 
P , c  = 

J 

kb ‘a + 

and the  t ransmission c o e f f i c i e n t  i s  given by 

(64) 

where a = j and b = j + 1 i f  the  wave approaches 
from sec t ion  j and a = j + 1 and b = 3 i f  the wave 
approaches from sec t ion  j + 1. For a f ixed  boundary 

(Reference 28) 
and the impacted end of t he  specimer., ”J = 1. 

a> The s t r a i n  a t  zny point i n  the specimen a t  time t i s  
equal to t h e  a lgebra ic  s u m  of the ampl1tl;des of  a l l  
s t r a i n  waves chat have passed t h a t  point  i n  the time 
i n t e r v a l  0, t ~ (Supergosit ion p r i n c i p l e ) .  

Using the  above fou r  r e s u l t s  a s  rules of operat ion,  th? response 
of a specimen t o  the  ve loc i ty  impact can be constructed graphica l ly .  
This has been done f o r  the D5 t e s t  and the  c o n s t r m t i o n ,  which 
is an app l i ca t ion  of the method of c h a r a c t e r i s t i c s ,  I s  dfsplayed 
i n  Figure 61. 
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I n  t h i s  wave diagram, the ho r i zon ta l  a x i s  is dimensionless 
d i s t ance  from the impact end, The v e r t i c a l  ax i s  is dimen- 
s h n l e s s  time 
t o  propagate fi-om one end o f  t he  specimer. to the  o the r ,  The 
s l a n t i n g  l i n e s  ind ica t e  t h e  path o f  the  wave f r o n t s  i n  space- 
time and the  numbers associated wi th  each of  those l i n e s  are 
the  amplitude of the r e spec t ive  wave f r o n t  expressed in terms 
the  djmensionless s t r a i n ,  

7 = t / tp where tp is the  time required f o r  a wave 

where is the  l o c a l  s t r a i n .  

The procedure used i s  t o  l ay  ou t  t he  i n i t i a l  wave f r o n t  l o c u s  
(dimensionless s lope = c1 t p / L ,  dimensionless amplitude = 1) 
extending from the  o r i g i n  t o  the  f i rs t  d i scon t inu i ty  a t  which 
point  the  r e f l e c t e d  and t ransmit ted wave amplitudes a r e  calcu-  
l a t e d  using Equations 63 and 64 The transmit ted wave moves up- 
ward and t o  the r i g h t  ( i n  space-time) w i t h  s lope corresponding 
t o  the wave propagation ve loc i ty  i n  the  .second s e c t i o n  (dimen- 
s i o n l e s s  s lope = c2 t p / L ) .  The r e f l e c t e d  wave moves upward 
and t o  the l e f t  back i n t o  the regron corresponding t o  t he  f irst  
sec t ion .  These two new waves w i l l  then e n t e r  i n t o  f u r t h e r  r e -  
f l e c t i o n s  a t  d i s c o n t i n u i t i e s  and boundaries. A s  the  cons t ruc t ion  
proceeds, the  number of waves m u l t i p l i e s  a t  an increas ingly  rapid 
r a t e .  I n  order  t o  make graphica l  ca l cu la t ions  f e a s i b l e ,  wives 
w i t h  amplitude less than .03 a r e  terminated and waves approaching 
each o t h e r  wi th in  A T  = 0.05 a r e  superposed. The s t r a i n  l e v e l  
a t  any value 02 ;:/L and dimensionless time 7 i s  obtained Lj; 
summing the amplitudes of a l l  waves i n t e r s e c t i n g  a s t r a i g h t  
lir!e between t h e  points  (x/L,O) and (x/L, 7). 
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5.4.3 Descr ipt ion O f  The Approximate Model 

The graphica l  wave t rac ing  technique is aF&ied t o  Test  D5-1,  
t he  specimen of which is described i n  Figure 61 . The parameters 
of each s e c t i o n  of the  specimen a r e  list-ecl i n  Table 7 . If more 
than one d i scon t inu i ty  appears i n  any h-irich length  of  specine\t ,  
they a r e  lumped toge ther  i n b o  on2 discontfniAity i n  t h i s  t ab le .  

5.4.4 Resul ts  

The longes t  uniforn;  s ec t ion  of the specimen, which is r e fe r r ed  
ti0 as the t r u n k  o f  the specimen, c o n s i s t s  cf webbings w i t h  a 
combined r a t ed  s t r eng th  equal to  o r  l e s s  than ha l f  of the r a t ed  
s t r e n g t h  of  any o t h e r  s e c t i o n  i n  the  specime-11, The s t r a i n  d i s t r i -  

bu t ion  i n  the  trunk of specimen DfJ near  the  experimentally ob- 
served time of f a i l u r e  i s  shown in Figure 62. A s i g n i f i c a n t  
observat ion is t h a t  a t  t h i s  i n s t a n t  i n  time, the maximum s t r a i n  
i n  the  trunk occurs a t  a stat:?n away from e i t h e r  end of t h e  
t r u n k .  This sample s i t u a t i o n ,  t he re fo re ,  i m p l i e s  the p o s s i b i l l t y  
o f  f a i l u r e  i n  such s t r u c t u r e s  i n  f r e e  lengths of the  s t r u c t u r e  
if  t he  s t r e s s  concentrat ions a t  d i s c o n t i n u i t i e s  a r e  s u f f i c i e n t l y  
m i l d  . 
I n  Figure 63 a s t r a i n  is shown a s  a func t ion  of time f o r  both 
ends of the t runk  and f o r  the end of the webbing adjacent  t o  
t h e  deadman. The sweep of  t h e  s t r a i n  wave along t h e  specimen 
i o  manifested i n  the  sequence of the  i n i t i a l  response a t  each 
s t a t i o n .  Also shown i n  Figure 63 a r e  the  dimensionless u l t imate  
s t r a i n s  f o r  t he  mater ia l  of the t runk of the  specinien of Test 
D5- l  and one o t h e r  D5 t y p e  t e s t .  There a r e  twc values  because 
the  impact v e l o c i t i e s  were not the same i n  the  two t e s t s  per -  
formed on D5 specimens. It fs  i n t e r e s t i n g  to  note t h a t  t h e  
u l t imate  s t r a i n  l e v e l  i s  penetrated almost s i m l t a n e o u s l y  a t  
opposi te  ends of the  trunk. 
simultaneous f a i l u r e s  a t  the same poin ts  a t  approximately the  
same time a s  indicated by t h i s  approximate ana lys i s .  

The t e s t  f i l m s  (Sect ion 5.6) r evea l  
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A genera l  observat ion of importance is that a t  a l l  of  t h e  t h r e e  
s t a t i o n s  shown, the webbing is subjected t o  seve ra l  cyc les  of 
loading and unloading before f a i l u r e  occurs. 

A t  the f ixed  end (deadman) of  t he  specimen, t he  s t r a i n  l e v e l s  
are genera l ly  lower than in the t runk because of the  m u l t i p l e  
l a y e r s  of  webbirg used f o r  reinforcement. I n  the  tests, the  

load a t  the deadman was measured by a force gage and a cornparison 
with t?le approximate a n a l y t i c a l  result  is appropr ia te  . Figure 
64 g i v e s  the comparison for the case  of T e s t  05-1. It is c l e a r  
from t h i s  i l l u s t r a t i o n  that amorg the l ist  of assumptions i n  
Sec t lon  5.4.1 there is smAe combination t h a t  con t r ibu te s  t o  
the in t roduc t ion  of s i g n i f i c a n t  errors. 

A n  observa t ion  of i n t e r e s t  i s  that  the ca lcu la ted  o s c i l l a t i o n s  
i n  the s t r a i n  i n  the specimen a t  the deadman end are o f  approxi- 
mately the same period a s  o s c i l l a t i o n s  found i n  the f o r c e  t races .  
It can be seen from the wave p l o t t i n g  diagram t h a t  these o s c i l -  
l a t i o n s  are, a t  least i n  pa r t ,  due  t o  repeated r e f l e c t i o n s  be- 
tween the opposi te  ends of the overlay reinforcement a t  the 
deadman end of the specimen. It 1s a l s o  apparent that the 
deadman force-time his tory has a first o rde r  dependence on the 
na ture  of a l l  d i s c o n t i n u i t i e s ,  even those a t  s t a t i o n s  remote 
from the deadman end. 

If wave pr3pagation e f f e c t s  are neglected,  t h a t  is, t h e  t e r . s i l e  
fo rce  I n  the specimen i o  assumed the  same a t  a l l  s t a t i o n s ,  then 
the  deadman fo rce  as a func t ion  of time would be represented by 
the  s t ra ight  l i n e  i n  F igure64  . It can be seen that t h i s  repre-  
s e n t a t i o n  is not adequate and that wave propagation e f f e c t s  must  
be included for  accu ra t e  s t r u c t u r a l  analyses of p i l o t  parachute 
risers. 
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5.4.5 Effec t  Of F iner  Resolution Of D i scon t inu i t i e s  

I n  order  t o  determine the e f f e c t  of includir?g the d e t a i l s  of 
the  cons t ruc t ion  of the outboard end of the deadman end 
reinforcement i n  Specimen Type D5, another wave diagram was 
constructed,  The parameters used i n  t h i s  f i n e  lumping case 
a r e  l i s t e d  in Table 8 , The r e s u l t s  or' t h i s  c a l c u l a t i o n  are  
compared w i t h  the e a r l y  time r e s u l t s  ( t  < 1.2) of the previous 
ca l cu lp t ion  i n  F igu re  .&. Exaniination of t h i s  f i g u r e  shows 
t h a t  the e f f e c t  of the f i n e r  r e s o l u t i o n  i s  t o  decompose each 
s t e p  i n t o  a sequence of smaller  s t e p s  and t o  increase  the 
magnitude of the i n i t i z l  jump i n  s t r a i n .  The magnitude of 
these e f f e c t s  is much less than t h e  magnitude or' d i screpancies  
i n  the previous r e s u l t s .  Therefore, the lumping of discon- 
t i n u i t i e s  ts not considered a s i g n i f i c a n t  source of e r r o r .  

5.4.6 Observadons Regarding The Approximate Analysis 

a )  The d i s c o n t i n u i t i e s  i n  the specimen a f f e c t  the  

s t r a i n  h i s t o r y  a t  a l l  s t a t i o n s  i n  the  specimen. 

b )  A l l  s t a t i o n s  i n  t h e  specimen are subjected t o  
cycles  of loading and unloading. Therefore, 
hys t e re s i s  e f f e c t s  mus t  be considered. 

c )  The stress a t  some s t a t i o n  away from the ends of 
a uniform sec t ion  of webbing may become g r e a t e r  
than t h e  stress a t  e i t h e r  end. 

d )  Multiple f a i l u r e s  are t o  be expected i n  d e s t r u c t i v e  
tests. 

e )  Wave phenomena m u s t  be considered i n  the a n a l y s i s  
of the r i s e r  dynamics tests. The uniform fo rce  
assumption is not s u i t a b l e .  

f )  T h l s  approximate model is not an adequate 
r ep resen ta t ion  of the r e a l  system. 
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Table 8 .  Parameters for Fine Resolut ion of 
D i s c o n t i n u i t i e s  i n  Specimen Type D 5  

Sec t ion  Left  Right 
S t a t i o n  S t a t i o n  

( in . )  ( i n  0 )  

1 0.00 95 00 

2 95.00 253.50 

3 263.50 264.50 

4 264.50 265.50 

5 265.50 276.00 
* 

S t i f f  ness 

O b )  

24,800 

12,400 

24,800 

37 s 200 

49,600 

Lineal 
Density 
( sl  /f t ) 

Wave 
Ve l oc  i t u  
( f t /sec ) 

4640 

4640 

4640 

4640 

4640 

.00115 

.000574 

.00115 

.go172 

.00230 
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5.5 The F i n i t e  Difference Met hod 

Sect ion 5.4 conta ins  a l i s t  of assumptions which, when applied 
t o  the riser dynamics test  ana lys i s ,  l eads  to  unsa t i s f ac to ry  r e s u l t s .  
If these assumptions a r e  revoked, t he  complexity of' t h e  resr?.lting 
ana lys i s  increases  t o  a l e v e l  a t  which the  use of high s p e e d  
d i g i t a l  computers becomes a necess i ty .  

D ig i t a l  computers may be applied t o  t h i s  problem i n  th ree  ways. 

( a )  In t eg ra t ion  of the equat ions of motion of an 
approximate system cons i s t ing  of a string of mass 
elements connected by s u i t a b l e  fo rce  generat ing 
elements, which would be l i n e a r  sp r ings  i n  the 
l i n e a r - e l a s t i c  case. 

( b )  Application of f i n i t e  d i f f e rence  techniques t o  the  
d i r e c t  i n t e g r a t i o n  of the  system of equations of 
motion, cont inui ty  equations,  equat ions of s ta te  
and boundary and i n i t i a l  condi t ions.  

29-31 
( c )  Application of the method of c h a r a c t e r i s t i c s ,  

Methods (a\ and (b) a r e  equivalent  and possess the disadvantage 
that  spiirious o s c i l l a t i o n s  a r e  introduced i n t o  the wave p r o f i l e s .  
Reference 33 presents  a modification of  mthod b) i n  which the  
concept of a r t i f i c i a l  v i scos i ty  is int roductd t o  suppress  these  
o s c i l l a t i o n s .  
which implements t h i s  modification of method b )  led  t o  the 
s e l e c t i o n  of  t h i s  method a s  t h e  analyt ical  procedure of ana lys i s  
t o  be used i n  t h i s  s tudy .  

The a v a i l a b i l i t y  of a computer program ( A F T o N )  

An a rea  of progress i n  t h i s  e f f o r t  has been i n  the s t u d y  and 
modification of t h e  AFTON program. This program, which is 
described i n  Reference 34, computes longi tudina l  wave motion 
i n  one-dimensional continua by solving the f i n i t e  d i f f e r e n c e  
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forms the appropriate  hydrodynar.iic equations.  Sc;Jeral  
required program modif icat ions have been made. 

The program was updated so t h a t  i t  would r u n  on t h e  Norttlrop 
IBM 360/65 computer. 
would properly c a l c u l a t e  the not ions of the type observed i n  the 
labora tory  t e s t s .  Also, extensive modificatior, was completed 
t h a t  would allow simulat ion of the e l imina t ion  of r i s e r  mater ia l  
a s  i t  nassed on t o  the inipact wheel r i m .  Within t h e  durat ion 
of a t yp ica l  l abora tory  t e s t ,  a large p ro t ion  of the r i s e r  
sample sassed onto the r i m .  
r e f l e c t  from the r i m  of the flywheel r a t h e r  than from the loop 
end of t h e  r i s e r .  The program log ic  has been changed so t h a t  
i t  can accommodate t h i s  unusual s i t u a t i o n .  

The log ic  was corrected so t h a t  the program 

Therefore waves m u s t  be made t o  

A shortcoming of t h e  f i n i t e  d i f f e rence  method is t h a t ,  i n  o r d e r  
t o  avoid the  f l u c t u a t i o n s  behind a wave f r o n t  a s  observed i n  t h e  
l i n e s 1  spring-mass model, an " a r t i f i c i a l  v i scos i ty"  is iiitroduced 
i n t o  t h e  computation. This a r t i f i c i a l  v i s c o s i t y  has the (un- 
d e s i r a b l e )  e f f e c t  of  spreading an i n f i n i t e s i m a l l y  t h i n  wave 
f r o n t  (as  occurs i n  t he  e l a s t i c  c a s e )  i n t o  a computed wave f r o n t  
of f i n i t e  thickness .  I n  o t h e r  words, a f t e r  the  continuum has 
been d i s c r e t i z e d  i n t o  zones, t h e  a r t i f i c i a l  v i s c o s i t y  causes 
wave fronts  t o  be smeared over the length o f  s eve ra l  zones. 
This i s  undesirable because there were processes,  sometimes i m -  
por tan t ,  which took place over  lengths  much s h o r t e r  than program 
zone lengths .  Thus, t h e  s i t u a t i o n  is  a s  fol lows.  I n  order  t o  
reduce o r  e l imina te  the  f l u c t u a t i o n s  a f t e r  a wave f r o n t  has 
passed,  the a r t i f i c i a l  v i s c o s i t y  mus t  be increased. But  i r -  
creasing the  a r t i f i c i a l  v i scos l ty  smears the  wave f r o n t  over 
a g r e a t e r  number of zones, causing the loss of  f i d e l i t y  of  
processes over s h o r t  lengths .  This f i d e l i t y  can be improved 
by increas ing  the  nurnber of zones i n  a given length ,  thereby 
reducing the  ac tua l  l eng th  over which the  wave f r o n t  is  smeared. 
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But  such an approach has the  disadvantage t h a t  the computation 
time increases  almost proport ionately with the square of t he  
number of zones. So an attempt has been made to  a s ses s  the  
t rade-of fs  between r e s i d u a l  f l u c t u a t i o n s ,  wave f r o n t  smearing 
and computation time; and t o  choose values  of 1 )  the number 
of zones and 2 )  t h e  Richtmyer-von N e ~ m a n n ~ ~  a r t i f i c i a l  visco- 
s i t y  constant  t h a t  give reasonable results i n  terms of problem 
requirements. 

An adequate number of cocibinations of zone length  and a r t i f i c i a l  
v i scos i ty  were t r i e d  to  allow t h e i r  respec t ive  inf luences t o  be 
estimated f o r  the range s tudied .  S ta ted  otherwise,  given 
l i m i t s  on load overshoot and wave f r o n t  smearing, s a t i s f a c t o r y  
values  of zone length  and a r t i f i c i a l  v i scos i ty  can be chosen, 
and computer t i m e  can be estimated. Unfortunately,  the s h o r t e s t  
lengths (1 i n . ) ,  which occur i n  t he  tapered j o i n t s ,  and which 
a r e  believed t o  be important, cannot be modeled i n  t he  AFTON 
program because they a r e  too shor t .  Therefore, i t  w i l l  probably 
have t o  s u f f i c e  to  inc,ude the e f f e c t s  of t he  next s h o r t e s t  
p ieces ,  which a r e  1 f t  i n  length.  

Figure 66 is  included t o  i l l u s t r a t e  a t yp ica l  c a l c u l a t i o n  done 
by  the  AFTON program. The t r a c e  r ep resen t s  t he  fo rce  wave p r a f i l e  
a t  one i n s t a n t  i n  t i xe .  This p a r t i c u l a r  c a l c u l a t i o n  i s  f o r  the 
combination of 398 elements i n  2 23-foot uniform e l a s t i c  sample 
and an a r t i f i c i a l  v i scos i ty  constant  of 2.56. It shows both the  
overshoot and wave smearing descr ibe3 abme.  

The AMY)N pmgram was used t o  c a l c u l a t e  the  fo rce  gage response 
of Tes ts  D3-2 and E-1 f o r  the case  i n  which seve ra l  of the 
l i n e a r - e l a s t i c  approximate case assumptions l i s t e d  i n  Sect ion 
5.1 a r e  revoked. The change8 with r e spec t  t o  the l i n e a r - e l a s t i c  
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approximate case t h a t  were made a r e  l i s t e d  below u s i n g  t h e  
respec t ive  Sect ion 5.4.1 i d e n t i f i c a t i o n  l e t t e r s .  

a) The mater ia l  i s  assumed t o  follow the non- 
l i n e a r  s t a t i c  l o a d - s t r a i n  curve i n  an e l a s t i c  
manner 

b )  No change 

c )  The impact wheel r i m  speed i s  allowed t o  decay 
due t o  the r e a c t i o n  f o r c e  of the specimen 

d )  The b r i d l e  i s  wrapped on t o  the  wheel r i m  

e )  Large displacements a r e  ;+.lloweti 

f )  No r e s t r i c t i o n  on magnitude of wave propagation 
ve loc i ty  r e l a t i v e  t o  p a r t i c l e  ve loc i ty  

g )  No change 

h-k) No change 

Figures 67 and 68 a r e  comparisons of the ca l cu la t e?  fo rce  
t r a c e s  with the  experimental curves. Since the  zero time 
reference of the  fo rce  gage da ta  is unknown, the curves  a r e  
indexed w i t h  respec t  t o  the first s i g n i f i c a n t  peak. D u e  t o  
the presence of a sho r t  concave rlownwards por t ion  near the 
o r i g i n  of the  load - s t r a in  curves, the computed fo rce  t r a c e s  
d isp lay  a "precursor wave" e f f e c t  p r i o r  t o  the  a r r i v a l  of the 
sharp edged wave assoc ia ted  with the concave upwards por t ion  
of the load - s t r a in  curves. Some of the experimental curves i n  
Sect ion 5.3 possess t h i s  f e a t u r e  b u t  it is no$ a s  pronounced 
a s  i n  the ca lcu la ted  curve, perhaps due t o  v i s c o e l a s t i c  
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e f f e c t s .  I n  the  case of test D3-2, following the precursor,  
t he  experimental and ca lcu la ted  curves have roughly the same 
genera l  shape b u t  i t  is c l e a r  t h a t  among the assumptions 
remaining,  there e x i s t s  some combination t h a t  i s  no t  j u s t i f i e d .  

I n  the case of Test  D5-1,  the  i n i t i a l  o s c i l l a t i o n s  fall,3wing 
the  precursor  e f f e c t  a r e  more f a i t h f u l l y  represented than i n  
the case  of the  l i n e a r - e l a s t i c  approx imt i3n  (Fig. 5i4 ) an? t h k  

l a t e r  port ion of t he  fo rce  t race  is represented approximately 
as w e l l  i f  the time s c a l e  f o r  the ca lcu la ted  curve is con- 
t r a c t e d  by a f a c t o r  w i t h i n  the range corresponding t o  the 
in te r tes t  va r i a t ions  i n  wave ve loc i ty  reported i n  Sect ion 5.6. 
However, the results for T e s t  E-1 ccnfirm the need f o r  an 
fmproved mathematical model. 



5.6 ANALYSIS OF FILMS 

Seven = i l m  sequences hhve been analyzed. Sect ion 5.5.1 i s  
an i n  d - p t h  review of one f i l r : ,  sequence and Sect ion 5.6.2 
i s  a comparison of wave v e l o c i t i e s  and webbing s t r a i n s  a s  
measured from a l l  seven f ilir. sequences . 
Reference 35 showz t h s f  f o r  sor:e m a t e r h k  w i t h  r,cnlir.ear 
l oad - s t r a in  diagrams the s t r a i n  wave f rorLt  w i l l  have a non- 
zero thickness  and w i l l  ck-ange i n  shape a s  i t  progresses along 
the specimen, t h a t  is ,  each s t r a i n  l eve l  may propagate w i t h  

a d i f f e r e n t  ve loc i ty .  If t h i s  type of motion ex is ted  i n  the 
r iser dynamics t e s t s ,  i t  was not de tec ted  i n  the f i l m s  due t o  
the l e v e l  of r e s o l u t i o n  inposed by the f i l m  framing r a t e .  
Therefore, the wave v e l o c i t i e s  obtained f r o n  reduct ion  of the 
f i l m  d a t s  a r e  r e f e r r e d  t o  i n  t h e  following a s  "apparent wave 
v e l o c i t i e s "  because they descr ibe a gross  e f f e c t  rather.  than 
the f i n e  de t a i l - s  of the motion. 

5.6.1 Analysis O f  Test  No. D 5 - 1  

Longitudinal Waves, P a r t i c l e  Ve loc i t i e s  , S t r a i r .  

Figure 69 i s  8 p l o t  i n  posit ion-time space of the events  
occurr ing p r i o r  t o  f a i l u r e  i n  Test No. D5-1. The hor izonta l  
a x i s  i s  d i s t ance  from the deadman support  and the v e r t i c a l  
a x i s  i s  t h e  from the arbi:rary beginning of the  f i l m  sequence. 
The l e f t  boundary r ep resen t s  the po in t  a t  which the b r i d l e  
of the specimen I s  feeding on t o  the r i m  of the wheel. The 
r i g h t  boundary r ep resen t s  the poin t  a t  which the webbing i s  
at tached t o  the  fo rce  gage l i nk .  
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The s o l i d  l i n e s  show the  paths  of  the gage msrks. Gaps i n -  
d i c a t e  l o s s  of data  due  t o  obscurat ion of gage marks  by t w i s t i n g  
o f  the specimen o r  poor c o n t r a s t  w i t h  t h e  backgrmnd.  D i s -  
c o n t i n u i t i e s  i n  the  s lope  of  these l i n e s  i n d i c a t e  t h l  passage 
o f  a s t r a i n  wave. The locus  of the  lead ing  sweep o f  the s t r a i n  
wave along t h e  length of t h e  specimen has been drawn i n  a s  the 
l i n e  AB which i s  judged t o  be the  s t ra icht  l i n e  which passes  
most c lose ly  through a l l  o f  the i n i t i a l  major d i s c o n t i n u i t i e s  
i n  t h e  gage nark curves. The s lope  of  lirx A 3  i n d i c a t e s  an 
s?parent  wave propagation s p ~ e d ,  ( c4 ) Aa, of 3790 f t,/sec. 

P r i o r  t o  the a r r i v a l  o f  t he  wave kR, the  gage mark locl. are 
v e r t i c a l ,  i nd ica t ing  tha t  the webbing i s  s t a t i o n a r y  u n t i l  
the  wave a r r i v e s .  The a c t i o n  of  t he  passage of the wave AB 
is t o  in t roduce  a near ly  cons t an t  ve loc i ty  as indica ted  by 
the near ly  cons t an t  s lope  i n  the  gage mark l o c i  between l i n e s  
AB and BC. The ve loc i ty  of the webbing r e l a t i v e  t o  the 
labora tory  Indicated by the b e s t  f i t  s lopes  between l i n e s  AB 
and BC are g iven  i n  Table  9. 

The v e l o c i t i e s  of gage marks 1, 2, 3, 4, 5 d i f f e r  from the  
wheel impact ve loc i ty  o f  -275 f t / s e c  by l ess  than 7 percent .  
A t  gage number 7,  the  ve loc i ty  i s  considerably d i f f e r e n t  
f r o m  t he  impact  ve loc i ty ,  probably due i n  p a r t  to  the comparable 



Table 9. Cage Mark Velocity A f T e r  Passage o f  
F i r s t  Wave, Test D5-1 

-294 

-291 

-294 

-272 

-200 

157 



magnitudes of the time between thc  passage of t h e  two waves 
and the tirr, between exposures i n  the t e s t  f i lms which g ives  
an 3nsuff i ; ient  sampling f o r  the a c c w a t e  determination of  
ve loc i ty  a t  gage nmber  7. 

The average s t r a i n s  between gage marks between the  passage of 
waves AB and BC can be computed from the d is tance  between gage 
marks before and a f t e r  t h e  passage (3f wave AB and a re  tabulated 
i n  Table 10. The s t r a i n  i n  the specimen a f t e r  the passage s f  
the sezond wave and the s t r a i n  a t  the time of the f i rs t  f a i l u r e  
a r e  alsG shown i n  Table 10. 

For the webbing mater ia l  on which the gage marks a r e  placed, 
t he  ul t imate  s t a t i c  s t r a i n  IS given a s  0.23 (Figure 52) .  The 
maximiim s t r a i n  discovered between the  waves A S  and BC is 57 pe r -  
c e n t  of t h i s  value,  a f t e r  the wave BC i t  is 32 percent and a t  
the  time of f a i l u r e  i t  is 90 percent.  

It i s  of i n t e r e s t  t c i  compare the  ve loc i ty  of the waves AB 
and BC r e l a t i v e  t o  a coordinate  system f ixed  t o  the  specimen 
( t h e  "Lagrangian v e l o c i t y " )  w i t h  the v e l m i t y  predicted by 
the  l i n e a r  e l a s t i c  ana lys i s .  J s ing  the r e s u l t s  of Fenstermaker 
and Smith3*, t he  Lagrangian ve loc i ty  c of a l ong i tud ina l  wave 
i s  given by 

where is  the s t r a i n  i n  the material i n t o  which the  wave is  
t r ave l ing ,  c is  the wave ve loc i ty  w i t h  respec t  t o  the laboratory 
and V is  the ve loc i ty  of the  mater ia l  i n t o  which the wave is  
propagating. Using as V the average gage mark ve loc i ty  a f t e r  
the  f i r s t  passage of the  wave and a s  Q t he  respec t ive  average 
of the  s t r a i n s  between the  gage marks ,  ' 3psrent Lagrangian 
v e l o c i t i e s  a r e :  

c 

(c )AB = m ( 3 7 9 0  1 + 0 ) = '. f t / s e c  

(-4630 + 275 ) = -3990 f t / s e c  1 
1 + .0906 (dBC = 
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Table  10. Webbing S t r a i n ,  Test D5-1 

Between Gage 
Marks. . . 

1 and 2 
2 and 3 
3 and 4 
1, and 5 
5 and 6 

Between F i r s 1  
Two ‘ria-Jes 

Strair, 

Wa-re F i r s t ,  F a i l u r e  

.189 

.128 
2c7 
179 

.15@ I .186 
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The t h e o r e t i c a l  wave v e l o c i t y  ca lc i i la ted  f r : , m  the " secan t "  
approximation iised i n  t h e  l i n e a r - e l a s t i c  a n a l y s i s  g i v e s  a 
Lagrangian v e l o c i t y  eqiial t o  4650 f t / s e c  f o r  both  waves. The 
f i r s t  wave AB propagates  w i t h  a v e l o c i t y  t h a t  is 82 percent  of 
t h e  l i n e a r - e l a s t i c  case  and the r e f l e c t e d  wave BC propagates  
wi th  a v e l o c i t y  eqiial t o  86 percent  of t he  l i n e a r - e l a s t i c  case .  
However, i t  is shown i n  S e c t i o n  5.6.2 t h a t  a p p a r e n t l y  e q u i v a l e n t  
t e s t  c o n d i t i o n s  produced l a r g e  v a r i a t i c n s  i n  wav-3 v e l o c i t y .  

Following the  passage of  wave BC, the v e l c c i t i e s  of t h e  gage 
marks i n  g e n e r a l  reduce t o  va lues  q u i t e  small r e l a t i v e  t o  the  

impact v e l o c i t y  and a t  l a t e r  times a t r end  toward the impact 
v e l o c i t y  is v i s i b l e .  -4s seen i n  the diagram resul t ing from 
the g r a p h i c a l  wave p l o t t i n g  technique f o r  the l i nea r -e l a s t i c  
case (Figure €11, the  wave a c t i o n  becomes quite complicated 
above the wave BC. Due t o  t he  l i m i t a t i o n s  imposed on r e s o l u t i o n  
a f  the motion by the  camera framing ra tes ,  t h i s  complex wave 
motion cannot  b e  t r a c e d  above the l i n e  BC. 

Transverse Waves 

I n  a d d i t i o n  t o  t h e  l o n g i t u d i n a l  motion d i scussed  above, a 
l a t e r a l  motion o f  t h e  specimen i s  in t roduced  by the a c t i o n  of  
the impact wheel hook on the specimen. 

The x-dash l i n e  i n  F i g u r e  69 is the locus  of  the l e a d i n g  edge 
of the r e s u l t i n g  la te ra l  wave t h a t  pepaga te s  along t h e  s p e c i -  
men w i t h  a n  i n i t i a l  v e l o c i t y  t ha t  is  cons ide rab ly  less than  
the previous ly  de te rmined  v e l o c i t y  of propagat ion of  l o n g i t u d i n a l  
waves. E x t r a p o l a t i o n  of t h i s  locus  back t o  the  l e f t  boundary 
g i v e s  to = 0.9 mil l i s econds ,  the same value ob ta ined  by e x t r a -  
p o l a t i o n  of  wave l i n e  AB. 

It can be seen i n  Figure 69 t h a t  the locus  of the t r a n s v e r s e  
wave f r o n t  f r o m  A t o  F ( i n  the b r i d l e  p o r t i o n  o f  the specimen) 
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i s  not  a s t r a i g h t  l i n e ,  i n d i c a t i n g  t h a t  t he  t r a n s v e r s e  wave ve lo-  
c i t y  i s  not  a c c n s t a n t .  The reason  f o r  the v a r i a t i o n  i n  t r a n s v e r s e  
wave v e l o c i t y  can be  determined by i n s p e c t i o n  o f  the g r a p h i c a l  
wave tracing diagram f o r  the l i n e a r - e l a s t i c  case ,  Figure 61, where 
i t  can  be seen  tha t  there e x i s t  r e f l e c t e d  waves ?If, H I ,  I K  and KF 
tha t  g e n e r a t e  v a r i a t i o n s  i n  t h e  b r i d l e  webbing f o r c e  which i n  t u r n  
produce v a r i a t i o n s  i n  t h e  veloc*:ty of propagat ion  of t h e  t ra r ' sverse  
wave . 
The Lagrangian t r a n s v e r s e  wave Trelocity (Reference 32 ) is  g j v e n  
by: 

where F i s  the t ens i l e  f o r c e  i n  the webbing, p o  i s  the uns t r a ined  
l i n e a l  mass d e n s i t y  and E: i s  the  s t r a i n  i n  t h e  material ahead 0- 

the  leading edge of the t r a n s v e r s e  wave. The v e l o c i t y  r e l a t i v e  
t o  t he  l a b o r a t o r y  is g i v e n  by 

c = (1 + 8 )  CT + v ( 6 6 )  dT 

where V i s  the  l o n g i t u d i n a l  v e l o c i t y  of the material i n  which 
the t r a n s v e r s e  wave i s  propagat ing .  

An at tempt  i s  made h e r e  t o  e x p l a i n  t h e  c u r v a t u r e  i n  the locus  of 
t h e  t r a n s v e r s e  wave i n  the b r i d l e  by performing a computation 
based on b e s t  a v a i l a b l e  estimates of the governing parameters. 

a )  The l ocus  of the end of the b r i d l e  is estimated 
by drawing a l i n e  (GF) parallel  t o  t h e  l c c u s  
of  the l e f t m o s t  gage mark and passing through 
the i n t e r s s c t i o n  of t h e  wave AB wich t h e  l o c u s  
[GL)  of the b r i d l e  end p r i o r  t o  the  a r r i v a l  
o f  the wave. 
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b )  The a c t u a l  r e f l e c t e d  waves CtI ,  111, I K  and KF 
are approximated i n  F igu re  69 by ~lsing the s l o p e  
of the i n l f i a l  wave AB i n  t h e i r  c o n s t r u c t i o n .  

c )  The l o n g i t u d i n a l  s t r a i n  l e v e l e  i n  the  m a t e r i a l  
i n t o  which t h e  t r a n s v e r s e  wave is propagat ing 
are computed from t h e  impact v e l o c i t y ,  t he  ob- 
s e r v e d  wave v e l o c i t y  and the 1 o . x i t u d i n a l  s t r a i n  
wave a m p l i t u d e s  shown in Piglire ;I f o r  the l i n e a r -  
e l a s t i c  case .  

275 = .0726 v; 
= 3790 e = -  

AC c 

e = .6667 cAD = .0484 DE 

c = .3333 CAD = .024'r 
EJ  

= .4444 c = . 0 ~ 2 3  AD 6 JF 

d )  The v e l o c i t y  of  t he  webbing at any p o i n t  i n  the t e s t  
specimen i s  g iven  by 

where e 

r i g h t  s i d e  of the  i t h  s t r a i n  wave r e s p e c t i v e l y  and the 

s u m a t i o n i s  ove r  a l l  s t r a i n  waves between the l e f t  
( impact) end and the p o i n t  i n  q u e s t i o n .  The webbing 

v e l o c i t i e s  for each segment of the AF por t ion  of the 
t r a n s v e r s e  wave l o c u s  are t h e r e f o r e ,  

and cR are the  s t r a i n  l e v e l s  on the l e f t  and L 
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= v = -275 f t / ~ t ~  vAD 0 

= V 0 = -275 f t /sec 

'JF = vo + ( c  G.1111) ("Ab) 

= -275 + (-3790) (-.1111) (.O726) = -245 ft/sc:: 

e )  The e f f ec t ive  s t i f f n e s s  of the b r id l e  is taken  t o  be 

t h a t  value of b r i d l e  s t i f f n e s s  which gives the observed 
AB longi tudinal  wave ve loc i ty  i n  a l i n e a r - e l a s t i c  
webbing . = E  
Solving for k, 

2 
k = pc 

(69 j 

For the br id le ,  p = .OOll5 s lugs / f t  so t h a t  

k = (.00115) = 16,500 lb 

f) With the add i t ion  of the  l i n e a r  expression f o r  force 

F = ke i70) 

a l l  necessary information f o r  the computation of c , the  

transverse wave ve loc i ty  with respect t o  the laboratory, 
&T 

i s  ava i lab le ,  S u b s t i t u t i n g  i n t o  Equations (@, e ) and 

( 6 6 )  there  is  obtcined 



( c 4  ) = 780 f t / s e c  
AD 

( c c  ) = 485 f t / s e c  

DE 

('& 1 = 320 f t / sec  
T EJ  

= 446 f t / s e c  
( c  d J F  

g )  U s i n g  these v a l a e s  of C the  l o c u s  of t h e  t r a n s v e r s e  
&T 

wave can be c v n s t r u c t e d  i n  stepwise f a sh ion .  The r e s u l t  

i s  shown i n  Figurr. 70  as t h e  dash l i n e  ADFJF. The 

a c t u a l  l ocus  i s  shown as X I S .  

The c l o s e  proximity of the  two curves  i m p l i e s  that f o r  the  t y p e  

of webbicq used i n  the b r i d l e  and f o r  t h e  stress l e v e l s  e x i s t e n t  
i n  these tlists, Equation ( G Z ,  i g i v e s  a good p r e d i c t i o n  of the 

t r a n s v e r s e  wave v e l o c i t y  and t h e  n o t e d  c u r v a t w e  of  t he  t r a n s v e r s e  
wave l o c u s  i n  the  b r i d l e  i s  t o  be exdected.  

A t  Po in t  F ( F i g u r e  69 
t r a n s v e r s e  wave propagat ion v e l o c i t y .  It is a p p a r e n t  from t h e  

diagram tha t  three c o n t r i b u t o r y  even t s  occur  a lmost  simu1t;Jecusly 
a t  Poin t  F. 

), there occurs  an  inc reas ;  i n  the  

a )  The t r a n s v e r s e  wave passes from the  b r i d l e  i n t o  
the  specimen t runk .  The wave, t h e r e f o r e ,  moves i n t o  
materid with one-hakf of t h e  l ineal  mass d e n s i t y  of t he  

b r i d l e .  
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Distance From Deadman, i n .  

Fig. 7 0 .  Theoret ical  and Exyerinental Loci of the 
Transverse Wave i n  t h e  Br id le ,  Test  Type D 5 .  
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b) The posi t ive s t r a i n  wzvt 3C arr ives .  

As can be seen Yrorn Eqmticrs : , j a n G  7 2 ,  a l l  three of' these 

events have the e f f ec t  of €pc reashg  the transverse wave propagation 

velocity. The mul t ip l i c i ty  of wave f r o n t s  makes t h e  appl icat ion 

of the mezhods or' calculat lon of' the preceding sect ion inp rac t i ca l  

in the  trur.k of t he  specinen. 

Furt--..-?,r Ocservc 5ior.s 

The twr,  Sresks  are  indicated by c i r c l e s  i n  FigArc 69. The 
f i r s t  P3.iScre occ.;rs a t  the r i g h t  end of the trrirk sec t ion  
before ths a r r i v a l  o f  the transverse wave. The lcca t ion  o f  
the second break w i t h  respect t c  the f i r s t  i m p l i e s  t ha t  the  
second fai l i i re  can.iot Be affected by the  f i r s t  wZthoiit the  
i m p o s i t i o n  of un rea l i s t i c  wave prcrpagatiori ve loc i t ies .  The 
poss ib i l i ty  of such mtiltipie independent f a i l u r e s  was Indicated 
by the results of +.he approximate l l nea r -e l a s t i c  analysis  i n  
Section 5.4. 

5.6.2 

The films of s lmi la r  t e s t s  on s i x  addi t ional  specimens with 
the same t r u n k  material a s  Test D5-1- were analyzed t o  determine 
the apparent propagation veloci ty  of t h e  first wave through the 
t r u n k  and the average s t r a i n  i n  the t r u r k  a f t e r  the psasage of 
the f irst  Nave. The space-time diagrams obtained fmrn the 
reduction of  the respective f i l m  data  a re  shown i n  Figures 71 
t o  76. The dashed l i n e s  i n  these diagrams a re  the best f i t  
s t r a i g h t  iirres indicating the apparent wave motion and the 
motion of  the gage marks. The apparent wave veloci ty ,  the 

- Variations I n  Longitudinal Nave Valocity 2nd Strain 
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ave rage  s t r a i n  a f t e r  t h e  wave, and t h e  average  p a r t i c l e  v e l o c i t y  
a f t e r  the wave a re  d i s p l a y e d  i n  Table  11. The e n t r i e s  are  
arranged i n  o r d e r  of i n c r e a s i n g  ave rage  s t r a i n .  

Tab le31  shcws l a r g e  t a r t a t i o n s  i n  a p p a r e n t  wave v e l a c i t y  and 
s t r a i n  t h a t  do ??pea r  t c  have any s i m p l e  ccr re la t icTn w i t h  

the on ly  sIIppose3d v a r i a t i o n s  between t h e  t e s t s ,  t he  impact 
v e l o c i t y  and the matching of t h e  webbings i n  t h e  t r u n k .  
there a c e s  a p p e a r  is he a s i g n i f i c a n t  l eve l  of c o r r ? l a t i o i !  oe tween 
a p p a r e n t  wave v e l o c i t y  and s t r a i n ;  a p p a r e n t  wave v e l o c i t y  L ~ Y I S  t o  
i n c r e a s e  as the s t r a i n  d e c r e a s e s .  

I'-;vever, 

T h i s  t r e n d  i s  t o  be  expec ted  because  a c c o r d i n g  t o  References 36 
anc'27 the p a r G i c l e  v e l o c i t y  v at tail leu at scz i t ion  i i n  the i 

sp?ci!iien i? given by t h e  e x p r e s s i o n  

i 
8 

v = \ c ( c ) d s  
" 0 i 

where z i  i s  t h e  1 o n E i t u d i n a l  s t r a i n  a t  s t a t i o n  i and where 

i s  t h e  wave o ropaga t ion  v e l o c i t y  a t  t h e  s t r a i n  l e v e l  e .  

"he v e l o c i t y  c is g iven  by 

C ( B )  

1 

c ( e )  = ($ bEl dFY 
0 

wf.ere F i s  t h e  t e n s i l e  force i n  t h e  specimen and  po i s  t h e  l i n e a l  
mass d e n s i t y  i n  t he  u n s t r a i n e d  c o n d i t i o n .  It can  be s e e n  from 

Equat ion  71 t h a t  f o r  approx ima te ly  e q u a l  v a l u e s  o f  pa r t i c l e  

v e l o c i t y  vi, 1ar[,e i n c r e a s e s  i n  wave p ropaga t ion  v e l o c i t y  must be 

accompanied by an a p p r c p r i s t e  decrease i n  the  s t ra in  l e v e l  a t t a i n e d  

behind  t h e  wave. 
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Tab le  11. Comparison of Wave Veloci t ies ,  
Pa r t i c l e  Velocit ies and S t r a ins  

Test No. 

I 

Impact 
Velocit 
( f  t/secY ( f t / s e c )  

-1 - 77- -. --I- 

I ( f t / s e c )  I , Qn.71  I 

i 1 S t s t i c  ' 

I 
I 

D3-3 

! I D6-1 ' -277 

- 300 

( f t / s ec  ) 
. .  . 

-250 

-252 

-293 

-340 
1 D5 -1 i -275 3790 ' j -294 ; .og1 -342 I I 

I I 

I 
! 

1 3230 1 -313 ' ' -093 i -355 i 
i I , 

- 284 ; 2550 I -268 .123 -550 I 

I ~ ._- __-_.- _ _ _  . - ---- _. . -. .-- 

I -277 
-5 

~3 -2 I . -- 
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References 22and 25 show tha t  the dynamic load - s t r a in  curves, 
f o r  some t y p i c a l  nylon yarns f o r  the case of  monotonically 
increas ing  s t r a in  a t  cons tan t  s t r a i n  r a t e ,  approach a l i n e a r  
t y p e  of r e l a t i o n s h i p  a s  the  r a t e  of loading increases .  Also, 
the  s lopes  of the dynamic load - s t r a in  curves tend t c  increase  
with ra te  of loading. If the dynamic load - s t r a in  curves f o l -  
lowed by the materials i n  these tests d u r i n g  the  passage o f  the 
first wtve are l i n e a r ,  then equation t71) becomes 

o r  

(73 ? 

(74 

i . e . ,  the product of the wave ve loc i ty  and the  f i n a l  s t r a i n  
m u s t  be equal t o  the  p a r t i c l e  ve loc i ty  i n  a l l  tests. 

Figure 77 i s  a p l o t  of the l e f t  s ide  of Equation 74 as a 
func t ion  of t h e  quo t i en t  on the r i g h t  s i d e ;  one poin t  is obtained 
f o r  each test .  If i n  f a c t  the :jpeclmen trunk mater ia l  d i d  p e r -  
form i n  a l i n e a r  fash ion  during passage of the  first wave t h e n  
a l l  of the  points  should f a l l  on a l i n e  of u n i t  s lope passing 
through the  o r ig in .  The s c a t t e r  t h a t  i s  o b t a i n e d - i s  of the 
order  of  magni tude  of the i n h e r e n t  e r r o r s  i n  the  determinat ion 
o f  v e l o c i t i e s  by graphica l  d i f f e r e n t i a t i o n  of the data .  How- 
ever ,  there does appear t o  be a trend above the  u n i t  s lope which 
could possibly be caused by a cons i s t en t  small nonl inear i ty  i n  
t h e  performance o f  the  material. 

It i s  now demonstrated tha t  tile performance of the t r u n k  
material i s  not governed by the s t a t i c  load-s t ra in  curve. This 
is  done by u s i n g  Equation 71 to compute the  p a r t i c l e  ve loc i ty  
u s i n g  the  s t a t i c  l oad - s t r a in  curve t o  compute c ( c )  and the 

value of ei a t t a i n e d  behind the f i rs t  wave. Since the  s t a t i c  
l o a d - s t r a i n  curve is concave upwards, shock wave e f f e c t s  mus t  
be taken L?to account as shown i n  References 35 and 37. 
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Fig. 77. Observed Longitudinal Wave Velocity 
vs. Wave Velocity Calculated on the 
Basis of a Linear Load-Strain Curve 
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?e fe rence  37 g i v e s  an  e x c e l l e n t  s e t  of examples of such ca l cu -  
la ' ions.  The r e su l t i ng  va lues  of p a r t i c l e  v e l o c i t y  a re  g i v e n  
in t h e  l a s t  column of Table l l a n d  t h e r e  appears  t o  be no c o r -  
r e l a t i o n  w i t h  t h e  a c t u a l  p a r t i c l e  v e l o c i t y  a s  recorded i n  thf: 
f o u r t h  column ,Jf t he  same table. The i m p l i c a t i o n  i s  t h a t  t h e  
s t a t i c  l o a d - s t r a i n  curve  is not i n  i t s e l f  a v a l i d  p r e d i c t o r  
of  the dynamic performance of  nylon webbing .  

A s  y e t  unresolved is the  q u e s t i o n  of t h e  source  of the m u t u a l l y  
c o n s i s t e n t  v a r i a t i o n s  i n  wave v e l o c i t y  and s t r a i n .  A t  the time 
of t h e  w r i t i n g  of t h i s  r e p o r t ,  i t  is belie-ved tha t ,  even thoLgh 
the impact v e l o c i t i e s  were approximately equa l ,  t h e  r a t e  a t  
which :.he ?nd of t.he specimen was a c c e l e r a t e d  t o  t h i s  v e l o c i t y  
was d i f f e r e n t  !.n each t e s t  d u e  t o  v a r i a t i o n s  i n  t h e  c o n s t r u c t i o n  
of the impact loop,  the i n i t i a l  shape of  t h e  loop  and the  manner 
i n  which i t  was engaged by the hook. I f  t h e  dynamic l o a d - s t r a i n  
curve  of the specimen t runk  material i s  a s u f f i c i e n t l y  s t r o n g  
f u n c t i o n  of t he  ra te  of loading ,  v a r i a t i o n s  i n  apparent  wave 
v e l o c i t y  and s t r a i n  such as found i n  these tes t?  are  poss ib l e .  
A t t e m p t s  t o  ? o r r e l a t e  wave v e l o c i t y  and s t r a i n  w i t h  t e s t  en-  
vironmental  c o n d i t i o n s  and the a m p l i t u d e  of the t r a n s v e r s e  wave 
were f ru i t less .  

5.6.3 

The v e l o c i t i e s  of the  l o n g i t u d i n a l  and t r a n s v e r s e  waves and 
t h e  l o n g i t u d i n a l  s t r a i n  can  be used t o  c a l c u l a t e  the f o r c e  
i n  a specimen t runk  i n  two r eg ions  of  the space-time diagrams. 
When d iv ided  by the number of  webbings i n  the t runk  and p l o t t e d  
a g a i n s t  the l o n g i t u d i n a l  s t r a i n  :n the  r e s p e c t i v e  r eg ion ,  t h e  
r e s u l t  is three p o i n t s  (one is t h e  o r i g i n )  on the dynalr;.ic load-  
s t r a in  curve  followed by the m a t e r i a l  o f  each t runk  i n  each  
t e s t .  Seve ra l  assumptions are involved I n  the c a l c u l a t i o n s .  
These assumptions are  presented a t  t he  a p p r o p r i a t e  p l ace  i n  
t he  fo l lowing  d e s c r i p t i o n  of the procedure.  

Es t imat ion  O f  The Dynamic Load-Strain R e l a t i o n s h i p  
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If i t  is assumed tha t  the  long i t l i d ina l  wave shape remains con- 
s t a n t  a s  t h e  f i rs t  wave progresses  a c r o s s  the specimen t r u n k ,  
t hen ,  u s i n g  t h e  p r i n c i p l e  t h a t  t he  n e t  f o r c e  a c t i n g  o r  t h e  
ma te r i a l  D a r t i c l e s  con ta in ing  the  wave is eqiial t o  t h e  r a t e  
o f  change of mbmcntum in t roduced  by t h e  waves g l v e s  the  f o l -  
lowing expres s ion  f o r  khe f o r c e  i n  the  specimen behind the  
f i r s t  wave a t  s t a t i o n  i. 

Table 1 2  shows the  q u a n t i t i e s  :.:sed in t h e  c a l c u l a t i o n  of  f o r c e  
by t h i s  method and the r e s u l t .  The second a n d  s i x t h  C D l u m n s  

g i v e  a single po in t  on each l o a d - s t r a i n  curve.  

Equat ions 65and 66can be solved f o r  the  f o r c e  i n  the webbing 
t o  o b t a i n  

This equa t ion  is used t o  compute t h e  f o r c e  i n  the vlebbing a t  
t h e  r e g i o n s  i n  space-time where the t r a n s v e r s e  wave locus  i n t e r -  
s e c t s r e l a t i v e l y  smooth gage mark l o c i .  The i n g r e d i e n t s  i n  the 
c a l c u l t i t i o n s  and the resrlts a re  d i s p l a y e d  i n  Table 13. 

The l a s t  two columns g i v e  a n  a d d i t i o n a l  s ingle  po in t  on each 
load-s  t r a i n  c urve . 
The r e su l t i ng  p a r t i a l  dynamic l o a d - s t r a i n  curves  cre shown i n  
F i g u r e  78 Two s i g n i f i c a n t  o b s e r v a t i o n s  a r e  t h a t  the dynamic 
l o a d - s t r a i n  curves  i n  some c a s e s  l i e  below the  s t a t i c  load-  
s t r a i n  curve (tthown as a dashed l i n e )  and tha t  the matnrial 
dGes  no t  always fol low the same curve i n  these tests. It is 
f e l t  t h a t  t h e  inherer l t  s c a t t e r  i n  t h e  d a t a  causes  the  apparent  
v a r i a t i o n s  i n  t h e  s i g n  of  the  c u r v a t u r e  of the l o a d - s t r a i n  
curves  and does  not  p e r m i t  t h e  de ta i led  i f i spec t ion  r equ i r ed  t o  
make conclus ions  regard ing  the degree  o r  l i n e a r i t y  of  t h e  
dynamic l o a d - s t r a i n  curves .  
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S t r a i n  

Fig. 78 Dynamic Load-Strain Curves for t h e  Specimen Trunk 
Material  a s  Determined From Wave Veloci t ies  
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It shoLild be emphasized t h a t  t h e  lgac! - s t r a i n  ccJrves d i sp layed  
i n  F igure  78 are not  for t h e  u s u a l  case of monotonlcal ly  in-  
creasing s t r a i n  a t  c o n s t a n t  s t r a i n  rate.  I n  f a c t ,  between the 
states i n d i c a t e d  by the two p o i n t s  on each curve,  the space-time 
diagrams indicate that f o r  a s i g n i f i c a n t  i n t e r v a l  the s t r a i n  
remains e s s e n t i a l l y  c o n s t a n t .  

5.7 SUMMARY OF PILOT CHUTE RISER DYNAYICS STUDY 

It is shown t h s t  many a s p e c t s  of the p i l o t  chute riser tes t  cia+-) 
can be expla ined  w i t h  a l i n e a r - e l a s t i c  approximate a n a l y s i s .  
It i s  c l e a r  from t h i s  p a r t  of the  s tudy  t h a t  wave phenomena 
;nust  be considered i n  the s t r u c t u r a l  a n a l y s i s  of parachute  
risers. That is, t h e  inathenlatical model of the riser m u s t  tzke 
i n t o  account that t h e  riser is a continuum, ra ther  than a small 
number of lumped s p r i n g s  and masses. It is also shown that 
r r i i l t i p l e  failures and  fa i lures  i n  f ree  l e n g t h s  a r e  d i s t i n c t  
p o s s i b i l i t i e s  i n  d e s t r u c t i v e  tests and t ha t  t h e  e q u a t i o n  of 
s ta te  used i n  a r i s e r  dynarriic a n a l y s i s  must take h y s t e r e s i s  
e f fec ts  i n t o  account .  Comparison w i t h  exper imenta l  data shows 
t h a t  t h e  l i n e a r - e l a s t i c  approximation i s  no t  adequate  f o r  riser 
s t r u c t u r a l  a n a l y s i s .  

A mathematical  model whict, i n c l u d e s  the i n e r t i a  e f fec ts  of t h e  
impact wheel, n o t i o n  of t h e  webbing around the impact wheel and 
t h e  non l inea r  s t a t i c  l o a d - s t r a i n  curve as  t h e  eqga t ion  of s ta te  
produces improved resul ts .  This  mathematical model is analyzed 
us ing  a n  e x i s t i n g  f i n i t e - d i f f e r e n c e  method computer program 
(AFTON) which is e x t e n s i v e l y  mod i f i ed  to  be compatible  w i t h  t h e  
boundary c o n d i t i o n s  of the tests and t o  accep t  the non l inea r  
s t a t i c  l o a d - s t r a i n  curve of nylon webbing as  a n  e q u a t i o n  of 
s ta te .  F u r t h e r  re f inement  of t h e  mathematical model is  found 
t o  be necessary.  
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A space-time diagram of one riser test is analyzed i n  d e t a i l  
w i th  respec t  t o  t h e  motion of the  long i tud ina l  and t ransverse 
waves and several o+,her diagrams a r e  analyzed i n  less depth. 
It is shown t h a t  the dynamic load - s t r a in  curves followed by 
the  nylon webbing are approxi ra te ly  l i n e a r  b u t  s c a l l  va r i a t ions  
from l i n e a r i t y  produce e f f e c t s  which cannot be neglected.  The 
longi tudina l  wave speed appears to  be s e n s i t i v e  to some as  ye t  
undiscovered va r i an t  i n  the tests,  perhaps the  nature of t h e  

impact loop. 
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SECTION 6.0 

MEASUREMENT OF PRESSURES, LOADS, AND STRESSES 

The types of measurements t ha t  are required t o  support  the 
further development of the i n t e r n a l  load prediction methods 

being developed fo r  Apollo type parachutes are discussed i n  
t h i s  sec t ion .  These measurements are needed to  provide input  
data for  the i n t e r n a l  loads a n a l y s i s  and t o  confirm the accuracy 
of the ana lys i s .  

During the cu r ren t  Apollo ana lys i s  study, the CANO stress 

a n a l y s i s  program has been r e f ined  i n t o  a powerful a n a l y t i c a l  
tool. Sect ion 6.1 d i scusses  the CANO program input  data 

requirements and shows how the experimental measurements t o  be 

made under the proposed test program w i l l  both provide these 

data and serve as a check on t h e  v a l i d i t y  of the IaicthOd. 

6.1 STRUCTURAL ANALYSIS DATA REQUIREMENTS 

The a n a l y s i s  fo r  determining the i n t e r n a l  load d i s t r i b u t i o n  i n  
a parachute under known ex te rna l  loading is given i n  Sect ion 3. 

Input  data to  CANO c o n s i s t s  of parachute cons t ruc t ion  geometry, 

material load-s t ra in  curves, canopy d i f f e r e n t i a l  pressure 
d i s t r i b u t i o n ,  and appl ied riser load. Output inc ludes  loading 
and s t r a i n s  i n  radial tapes, ho r i zon ta l  members ( s a i l s  o r  ribbons),  
suspension l i n e s ,  vent  l i n e s ,  vent band, s k i r t  band and r ee f ing  
l i n e s .  
parachute shape is obtained. 

I n  addi t ion,  a comple P e geometric d e f i n i t i o n  of the 

The CANO computer program is l imited t o  symmetrical shapes, and i t  

I s  assumed that the appl ied  riser load is reacted by different ia l  
pressure acting normal t o  the local canopy surface. 



For  a given oarachute  c o n s t r u c t i o n  t h e r e  is a unique r e l a t i o n s h i p  
between t h e  i n t e r n a l  stresses, t h e  aDolied loading ,  and t h e  
geometry of  t h e  deformed canopy elements .  T h i s  r e l a t i o n s h i p  is 
represented  i n  t he  d i ag~am of Figure’?%. Program CAE0 is arranged 
to  proceed i n  t h e  d i r e c t i o n  shown b y  t h e  arrows in t h e  diagram. 
The e x t e r n a l  loadlng,  c o n s i s t i n g  of t h e  riser load and a nondimen- 
s i o n a l  p r e s s u r e  d i s t r i b u t i o n  cur ie ,  and t h e  parachute  c o n s t r u c t i o n  
d e t a i l s  comprise t h e  i n p a t  da t a .  The i n t e r n a l  loading,  c o n s i s t i n g  
of a laad for  each  element of t h e  s t r u c t u r a l  model, is t h e  p r i m a r y  
output .  D e f i n i t i o n  of t h e  canopy equ i l ib r ium shape and s t r a i n s  
is a by-product of these computations. 

The informat ion  i n  one block of F igu re  7% 1s s u f f i c i e n t  for  deter- 
minat ion of t h e  other two. However, the  accuracy of measurement 
that would be r e q u i r e d  t o  i n f e r  i n t e r n a l  and e x t e r n a l  loading  
from the  canopy geoxet ry  is beyond t h e  p r a c t i c a l  l i m i t s  of 
photographic ana l y s  Is. 

I n  the  test program described i n  t h i s  report ,  i t  is planned that 
a l l  of t h e  parameters shown i n  the  three blocks cf Figure’?% 
w i l l  be  measured, The redundancy the reby  obtained will provide 
a check on t h e  v a l i d i t y  of the  assumptions made i n  d e r i v a t i o n  
of t h e  ana lys i s .  

The e x t e r n a l  loading  to  be measured c o n s i s t s  of t h e  riser load 
and the  d i f f e r e n t i a l  p re s su re  a c t i n g  across t h e  canopy surface 
The riser f o r c e  can be measured a c c u r a t e l y  by load l i n k s ,  t u t  
measurements of t h e  d i f f e r e n t i a l  p r e s s u r e  p r e s e n t s  many d i f f i c u l -  
ties. The p r a c t i c a l  l i r r i i t  for t h e  number of p r e s s u r e  t r ansduce r s  
is a test is  about  ten. I n  a r ingsai l  parachute  t h e  p re s su re  
varies l o c a l l y  between t h e  leading and t ra i l i i?g edge of each 
s a i l  i n  a d d i t i o n  t o  t h e  gene ra l  v a r i a t i o n  from s k i r t  to  vent .  
The redundant measurements of stress, s t r a i n ,  and shape w i l l  be 
va luab le  i n  d e r i v i n g ,  from t h e  l imi t ed  p reasu re  measurements, a 
p re s su re  d i s t r i b u t i o n  curve  which w i l l  give a n  acc i i ra te  stress 
d i s t r i b u t i o n  f o r  u s e  i n  s t r u c t u r a l  a n a l y s i s .  
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Fig, 79. CAN0 Program I n p u t / O u t p u t  Relat ionships  
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If tne e x t e r n a l  load b l o c k  of Figurei’ga i s  considered a s  two 
s e p a r a t e  d a t a  groups,  p r e s s u r e  d i s t r i b u t i o l i  and riser load ,  t h e  

diagram shown i n  Figurei’gb is obta ined .  

I n  F igu re79b  any two b locks  provide  s u f f i c i e n t  in format ion  f o r  
computation of t h e  o t h e r  two. The riser load measurement 3-s t h e  
simlest and most r e l i a b l e  of t h e  four .  11’ i t  i s  assumed t h a t  
t h i s  va lue  is always measured a c c u r a t e l y  , t h e  requirernents f o r  
t h e  other three measurements a r e  less s t r i n g e n t  For t h e  ores -  
s u r e  d i f f e r e n t i a l  and stress, only  t h e  shapes  of t h e  d i s t r i b u t i o n  
c u r e s  a r e  required.  For t h e  s h a p e  d a t a ,  only t h e  r e l a t i v e  shape 
of‘ t he  r a d i a l  t ape  p r o f i l e  i s  necessary .  T h i s  i s  h e l p f u l  because 
a b s o l u t e  va lues  for  lenGth measurements from photographs a r e  
t h e  most d i f f i c u l t  to  ob ta in .  

S ince  the magnitude a s  well  a s  t h e  d i s t r i b u t i o n  of t h e  d i f f e r e n t i a l  
pressure w i l l  be measured ,  a d d i t i o n a l  redundancy e x i s t s .  The 
CANO program requires m l y  t h e  shape of t h e  p re s su re  d i s t r i b u t i o n  
curve,  t he  magnitude be ing  a u t o m a t i c a l l y  a d j u s t e d  t o  ba l ance  t h e  

riser load.  Comparison of t h e  p r e s s u r e s  computed i n  t h i s  manner 
w i t h  t h e  measured va lues  w i l l  g i v e  a check on t h e  a n a l y s i s ,  i n  
p a r t i c u l a r  t h e  assumption t h a t  s k i n  f r i c t i o n  and d rag  of f l u t t e r i n g  
sai ls  i s  n e g l i g i b l e .  

The s imultaneous measurement of l oads  and s t r a i n s  w i l l  p rovide  
informat ion  on t h e  dynamic and r epea ted  lQading  behavior  of 
the  parachute  m a t e r i a l s .  Although the CANO program i s  no t  l i m i t e d  
t o  s t a t i c  l o a d - s t r a i n  curves ,  u s e  of dynamic da ta  is no t  considered 
worthwhile a t  p r e s e n t  i n  view of t h e  u n c e r t a i n t i e s  i n  o t h e r  i n p u t  
da ta .  
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6.2 SUMMARY OF PRIOR WORK ON CANOPY PRESSURE MEASUREMENT 
The f i rs t  measurements of pressxe d i s t r i b u t i o n  i n  a parachute 
canopy were made by Jones i n  1923 f o r  t h e  Advisory Committee 
for Aeronautics of Great Br i t a in .  A &foot diameter wind 
tunnel a t  the National Physical Laboratory was used for  t h e  
meaeuimements, w l t h  sting-mounted models constructed of wood, 
copper sheet, and s i l k  s t re tched  over a metal r ibbed  framework. 

2 

c 

Models were approximately 8 in .  i n  diameter and simulated a 
canopy shape developed by Taylor f o r  t h e  Advisory Committee 
for  Aeronautics. Steatiy s t a t e  pressures were measured by i n s e r t -  
ing  two l e n g t h s  of hypodermic t u b i n g  i n  each model sur face ,  one 
f l u s h  w i t h  t h e  i n t e r i o r  su r f ace  and t h e  o t h e r  w i t h  t h e  e x t e r i o r  
sur face .  One end of t he  t u b e  was plugged and holes  were d r i l l e d  
a t  each pc in t  where pressure was t o  be measured. The measurements 
were recorded on a manometer, b y  uncovering one ho le  a t  a t i m e ,  
a t  v e l o c i t i e s  from 30 to 50 f t / s e c  and a n g l e s  of a t t a c k  from 0 
t o  10 deg. 

Modern e f f o r t s  a t  measuring pressure d i s t r i b u t i o n  i n  a s t e s d y  
- s t a t e  canopy have been c a r r i e d  out  by Heinrica and by B a b i s h  

and Hunte3? 
Parachute Handbook'? S t a i n l e s s  steel ,  2.5-inch diameter models 
of f l a t  c i r c u l a r  r ibbon and guide sur face  canopies were 3;:ng 
mounted and wind tunnel tested a t  Mach numbers between 0.6 and 
1.25 over a Reynolds number range from 7 x 10 t o  9.7 x 10 . 
Measurements of i n t e r n a l  and ex te rna l  pressure d i s t r i b u t i o n  were 
made, and shadowgraph p ic tu re s  were taken i n  a n  e f for t  t o  a id  
v i sua l i za t ion  of t he  flow f i e l d  through ribbon canopics. Exterrial 
pressure c o e f f i c i e n t s  i n  t he  subsonic flow regime (below Mach 
number 0.8) were found t o  be r e l a t i v e l y  i n s e n s i t i b e  t o  Mach 
number. I n t e r n a l  pressure w88 found t o  v a r y  l i t t l e  from free 
stream s tagnat ion  pressure a t  a l l  po in ts  i n  t h e  CanopP. 

8 

Heinrich 's  work a l s o  is  described i n  t h e  A i r  Force 

5 5 
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The work ca r r i ed  out by aabish and Hunter was a c l e v e r l y  conceived 
e f for t  to  a r r i v e  a t  three-dimensional canopy pressure d i s t r i b u t i o n  
by p r e s s u r e  and f iow f i e l d  measurements on two-dimensionsal r i g i d  
models. These models reoresented t h e  ppof i l e  shapes of t h e  
i n f l a t e d  drag-producing sur faces  of var ious t y p e s  of oarachutes 
a s  determined from photographic records of descending canopies. 
The  various parachute t y p e s  represented included f l a t  c i r c u l a r ,  
f l a t  c i r c u l a r  ribbon, r i n g s l o t  and r i n g s a i l ,  and o the r s .  The 
models were tested i n  t h e  A i r  Force I n s t i t u t e  of' Technology Smoke 
Tunnel arid were consi-ructed so as t o  completely span t h e  test 
sec t ion .  
i d e a l  smoke s t reamline flow. 
ness and u t i l i z i n g  a t h e o r e t i c a l l y  developed r e l a t i o n s h i p  between 
streamtube thickness  and p r e s s u r e ,  t h e  pressure c o e f f i c i e n t s  
could be obtained i n  regions of the  flow where the s t reaml ines  
were w e l l  defined. To obta in  measurements i n  regions where t h e  

s t reamlines  were not w e l l  defined, i . e . ,  t h e  s tagnat ion  and 
wake regions,  a n  instrumented semic i rcu lar  concave cy l inder  was 
tested. By combining t h e  above two t y p e s  of measurements, t h e  
pressure d i s t r i b u t i o n  over t h e  e n t i r e  sur face  of t he  tuo-dimensional 
models could be obtained. These pressure d i s t r i b u t i o n  da ta ,  
reduced t o  a p p r o p r i a t e  fo rce  c o e f f i c i e n t s ,  were compared w i t h  
previously es tab l i shed  force  c o e f f i c i e n t  data  f o r  three-dimensional 
models. By use of t h i s  method and appropr ia te  assumptions, i t  was 
D O S S i b l e  to  a d j u s t  t h e  two-dimensional data  t o  y i e l d  t h e  pressure 
d i s t r i b u t i o n  about an  a c t u a l  canopy. D i f f i c u l t i e s  were encountered, 
however, i n  t h a t  t h e  s t reaml ines  close to  the  body en te red  the  
boundary l aye r  flow, ca-ising e r r o r s  of - t- 20 percent i n  streamtube 
thickness,  and r e s u l t i n g  i n  a corresponding lack of confidence i n  
t h e  p r e s s u r e  d i s t r i b u t i o n .  The pr imary  value of t h i s  study I s  
considered t o  b e  t h e  exce l l en t  smoke s t reamline photograpns and 
the i n s i g h t  which t h e y  a f fo rd  i n t o  t h e  steady state flow a t o u t  t h e  
canopy. 

T e s t  section ve loc i ty  was 29 ft/sec,which provided 
By measuring t h t  steam tube th i ck -  
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The repor t s  reviewed above have been concerned w i t h  the pressure 
d i s t r ibu t ion  and flow f i e l d  about a f u l l y  inflated,  steady state 
canopy. Although these s tudies  are! important because of the 

ins ight  they give i n t o  the oper-ation of a s t e a d i l y  descending 
parachute, t he  object of primary interest i n  the current  s tudy  

is 6he pressure d i s t r ibu t ion  i n  an i n f l a t i n g  canopy, s ince it is 
t h i s  phase of the process which imposes m s x i r r u m  stresses on the 
canopy. 

He: nr ichI5 obtained measurements of canopy presswe d i s t r ibu t ion  
on a series of f ixed models representing the  shape of the canopy 
a t  various stages of i n f l a t i o n .  The r e s u l t s  of t h i s  s tudy were 
used i n  a subsequent paper by Heinrfch and J a m i ~ o n ~ ~  on predlc t fng  

canopy stresses dur ing  in f l a t ion .  The t e s t s  were conducted on 
seven synthesized shapes a t  a low subsonic speed, and the pres- 

sure d ie t r ibu t ions  associated with each shape were presented i n  
t he  report .  
f o r  demonstration of stress ana lys is  technfques, i t  is doubtful 
that they satisfy '.he need f o r  pressure measwements under dynamfc 
conditions. 

Although these tes ts  may indica te  the proper t r ends  

The only invest igat ions made t o  date wherein pressure d i s t r ibu t ion  
was measured i n  an i n f l a t i n g  canopy are those of Melzig 
of the Deutsche Forschungsanstalt f u r  Luft and Rawnfahrt (DFLR), 

Wlaunschweig, Germany. O f  the four  published works by Melzfg, 
three involve ac tua l  drop tests and one concerns a wind tunnel 
t e s t  program under i n f i n i t e  mase conditions. 
discussed f i r a t  . 

20, 21, 41,42 
I t  

me la t te r  w i l l  be 

The wind tunnel invest igat ion was made i n  a 9 x 12 foot  low speed 

open-jet wind tunnel at v e l o c i t i e s  between 70 and 1Ga f t / sec .  
tes t  models were of the following designs: 

The 

(1) 
(2 )  
(3) 

Solid cloth,  c i r c u l a r  f l a t  - 28 gores, Do = 53.7 i n .  
Solid cloth,  108 f la t  extended - 30 gome, Do = 62 i n .  
Ringelot, geometric porosity 16s - 24 gores, Du = 53.5 i n .  



The models were Iriocirited in the twine1 i n  a stretched-out pos i t ion  
w i t h  l ea ther  clamps t'or re tent ion.  After the tunnel was brought 
up t o  speed, the models were suddenly released. Pressure d i s t r i -  
bution ( in t e rna l ,  ex te rna l  and d i f f e r e n t i a l )  was measured i n  the 
canopy by pressure transducers attached a t  four. spec i f ic  locat ions,  
The pressure transducers were developed a t  DFLR, and were 1.2 i n .  
i n  diameter, 0.35 i n .  t h i c k ,  and weighed 0.2 oz each. The sensors 
had a capacity of + 0.5 p s i ,  and were compensated f o r  temperature 
and f o r  accelerat ion t o  200 g ' s .  The f i l l i n g  process, was photo- 
graphed from one s ide  of the tunriel  a t  a camera speed of 100 frames 
per  second and individual frames were synchronized w i t h  the 
pressure recordings. Four iden t i ca l  t e s t s  of each canopy type 
we?e made a t  each selected test velocity.  It was found t h a t  the 
reproducibi l i ty  of the four measurements was reasonably good. 

- 

A canopy shape a n a l y s i s  was made based on the photographs obtained. 
Various phases of f i l l i n g  were .declined by assigning an "ideal 
photographis shape" made up of appropriate bodies of revolution 
a s  a function of time were presented i n  graphical form f o r  a l l  
four canopy types.  

The remaining references on Melzig's work concern canopy predsure 
d i s t r ibu t ions  and i n f l a t i o n  p r o f i l e s  obtained during f r e e  f l i g h t  
drop t e s t s .  Reference 41 repor t s  t h e  measurements made during a 
s e r i e s  of nine drop t e s t s  of a T-10 parachute a t  speeds from 80 
to 140 knots wi th  a 200 l b  weight attached. 
transducers i den t i ca l  t o  t h e  type described above fo r  the wind 
tunnel program were mounted a t  four  locat ions i n  the canopy between 
the s k i r t  and t h e  vent.  The pressure showed considerably more 
o s c i l l a t i o n  and lack of a cha rac t e r i s t i c s  pa t t e rn  than '  had been 
t h e  case In the wind tunnel t e s t ing  presented in Reference 11. 
Reference 42 describes r e s u l t s  of 18 drop t e s t s  on 28-foot d i a -  
meter c i r c u l a r  f l a t  and hemispherical parachutes a t  an Lni t laE 
drop velocity of 118 knots, 

Q i f f e ren t i a l  pressure 

Four d i f f e r e n t i a l  pressure transducers 



were again placed i n  the test  canopies and t h e i r  output recorded 
on an oscil lograph i n  the drop dummy. 
the i n f l a t i n g  canopies were made a t  a speed of 100 frame8 per 
second by a 35 mm camera, and a l s o  by a camera mounted aboard 
the dummy. The pressure t races  again showed severe o s c i l l a t i o n s  
i n  t h e  i n i t i a l  ( f l u t t e r )  phase of the  opening process. A 
second phase was entered i n  which t h e  negative pressure peaks 
disappeared and the o s c i l l a t i o n  frequency decreased. Following 
t h i s  w a R  a t h i r d  phase i n  which a pos i t i ve  steady pressure 
appeared a t  a l l  po in ts  i n  t he  canopy. Melzig correlated the 
pressure t race  behavior w i t h  the canopy opening h is tory  and 
load t races .  

Ground photographs of 

The most recent work by Melzig21 involved drop tests of four 
parachute types: c i r c u l a r  f l a t  (C-9)# 10 percent extended 
s k i r t  (T-lo) ,  r i n g s l o t  (two designs)  and c i r c u l a r  f l a t  ribbon 
(two designs). The first r i n g s l o t  had a nominal diameter of 
32 f e e t ,  32 gores, 10 c lo th  strips, add 15 percent geometric 
porosity. The second had the same dimensions b u t  11 instead 
of LO c lo th  s t r i p s .  The c i r c u l a r  f l a t  ribbon parachutes had 
a nominal diameter of 32 feet, 34 gores, and a geonetric porosi ty  
of 15 percent. 
Both onboard and ground cameras were used t o  photograph the  
Opening process a t  100 frames per second. Four DFLR d i f f e r e n t i a l  
pressure transducers were equal ly  rspaced i n  the canopy from s k i r t  
t o  vent. Riser foroe9 vehicle dyna,mic pressure, and t h e  four  
d i f c e r e n t i a l  pressures were telemetered to  ground receiving 
equipment. The vehicles Here dropped from an a l t i tude  of 
LOO0 feet at  a ve loc i ty  of I10 knotsr 

One had 83 and the o ther  76 concentric ribbons. 
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I n  general ,  the  pressure h i s t o r i e s  show the same overc;'ll trends 
f o r  a l l  four  types of parachutes, There a re  rapid f luc tua t ions  
between posit ive and negative peaks d u r i n g  the f l u t t e r  phase. 
The f l u t t e r i n g  ends r e l a t ive ly  soon a t  the  vent, a t  which point 
canopy f i l l i n g  begins, t ravel ing progressively toward the s k i r t  
a s  posi t ive pressure is gradually established over the whole 
canopy. 

I n  conclusion, Melzig s t a t e s  t h a t  because of  the dynamics of the 
i n f l a t i o n  process o n l y  qua l i t a t ive  information on  canopy s t r e s s e s  
can be obtained from the de ta i led  pressure d i s t r i b u t i o n  measure- 
mcr.ts, and t h a t  idea l iza t ion  cf the shape d u r i n g  t h e  f l u t t e r  
phase can y i , ? l d  f a l s e  r e su l t s .  Additionally he s t a t e s  t h a t  be- 
fo re  the pressure measurements d u r i n g  the f l u t t e r  period can be 
usefully applied, s t r e s s  analysis  techniques m u s t  be developed 
which account f o r  c loth dynamics. 

Despite Melzig's emphasis on c l c t h  dynamics d u r i n g  the f l u t t e r  
phase, experience wi th  Apollo parachutes has shown t h a t  canopy 
s tFess  analysis  methods which consider only f i l l e d  s a i l s  have 
accurately predicted t e s t  f a i l u r e s .  Therefore, special  e f f o r t s  
t o  measure canopy pressure, s t r a i n ,  load and shape duriw the 
f lut ter  phase a r e  not warranted. 

6 * 3  PRESSURE MEASUREMSNT 

Several types of pressure t ransducers  have been pmposed by 
various manufacturers f o r  parachute appl icat ion.  Some manu- 
f k . 2  t u re r s  have a l so  proposed complete pressure measurement 
systems including telemetry and recording instruments. However) 
the t e s t s  Ly MelzQ, described i n  Sect.Ion6.2 , are  the only 
ones i n  which i n f l i g h t  pressure measurements were made. The 
Melzlg type transducer is  the only one which can be considered 
f l i g h t  qua l i f ied .  The following paragraphs describe the various 
pressure transducers and measurement systems which have been 
proposed 
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SchJeldahl System 

Scweldahl  Company, Northfieid, Minnesota43 , has proposed a d i f -  
f e r e n t i a l  p re s su re  monitorirng sys t em (Figure8Oa) which does not 
p e q u i r e  wires i n  the parachute's risers. 
a m l a r  i n  operation t o  that developed by Melzlg a t  DFLR 

The basic sensor is 

except it offers improved environmental performance. However, 
packaged within the  same uni t  are the sensor, e lec t ronics  for 
b mlnlnture FM transmitter, four  small awrpcury batteries and 
s ignal  conditionirlg e l ec tmnics .  Each un i t  is 2-1/2 in. i n  
diameter, 1 in. i n  thickness, weighs appmximately 1.75 02 and 
requipes no external  wires for  operation. The minia ture  trans- 
1RitteP sends the sensor data to  either a receiver-recorder o r  a 
repeater (whlch transmits the information to  the ground) located 
i n  the payload. Lanyard switches ape proposed f o r  ag t iva t ing  
the  u n i t s  upon d rop  of the  test  vehicle. The s y s t e m  is l imited 
to a total  of seven t ransducers  by telemetry charnel a v a i l a b i l i t y .  

RdF West System - A sys t em u s i n g  a d i f f e r e n t  type  of semi% 
element has been proposed by RdF West, Westminster, California.  
Their system ( K g u r e 8 0 b ) u s e s  a variable ,  stretched diaphragm 
capacitance transducer and solid state signal conditioning elec-  
tronics to  provide a DC o u t p u t  pressure transducer system. The 
sensors are 1.12 in. in diameter, 1 in. i n  thickness, neigh 1 oz 
and exhibi t  accuracies compamble w i t h  o t h e r  sensirg devices. 
The master s igna l  conditioner, located a t  the s k i r t  of t h e  para- 
chute, is 1.25 x 1.25 x 2.00 inches and wefghs 4 oz. 
d i t ione r  o u t p u t  is Ped l n t c  small voltage control led oscillators 
and a mixer m p l i f l e r .  This unit ,  also located a t the  s k i r t ,  ha8 

3 an approximate volurrrs of 4.5 I n  and weigh0 4 oe. 
the mixed FU signal is run down d 8uSpen~ion lEnt? and connected t o  
the tape recordep and/or transmitter.  Three power supply l i n e s  
are the only additional wires needed OR the suspension l i nes .  

44 

The con- 

The w i r e  carryitlg 
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(b) RdF West System 

Power, Trmwx&ter, Or Recorder .--- 



13anning Ins t rumen t s  Transducer - - Mannirlg Ins t rumen t s  Division 
ha8 proposed a transducer of novel construction for measurim 
d i f f e r e n t i a l  pressure in a high acce lera t ion  envlrorimnt. This 
transducer is shown schemertically in Figure 81. It cons i s t s  of 
twin diaphragms with the external  surfaces  exposed to the  higher 
pressure level.  The iriner surfaces are exposed to the  lower 
pressure level .  Two s i l i c o n  s t r a i n  gages are bonded t o  the 
ex te rna l  surfaces of each diaphragm. 
are placed (Figure &)so  that  gages A and C are strained i n  
compression and gages B and D i n  tension when the tracsducer 
is loaded normally. Ihe t r ansduce r  is self-compensated for 
acceleration i n  that acce lera t ion  causes both diaphragms to  
deflect i n  the same di rec t ion ,  thereby balancing the bridge by 
stlrainlng sages A and B i n  the same d i r ec t ion  and gages C and 
D in the same direct ion.  This transducer is available i n  d i f -  
f e r en t i a l  pressurn  ranges between 5 and 100 pai  and weigh@ 
about 0.3 02. 

The gages on each surface 

Sensotec Transducer - The Sensotec absolute pressure transducer 
is a aniniaturireed capsule (.a in. diameter x .E in. thick) ,  
one side of which is the a c t i v e  diaphragm. ?he diaphragm has 
a ppessupe sens i t i ve  area of ,028 in2  and u t i l i z e s  semiconductor 
s t r a i n  gages bonded to  the inner  surface. 
pressure mdel has the same diameter, b u t  is about 0.2 in. thick.  
The smallest d i f f e r e n t i a l  p r e s s u r e  rarge curren t ly  available 
is 0-2 ps i .  
the transducer, Sensotec claims emon due to  acce lera t ion  at 
200 g would be leas than 1 percent. 
network can be b u i l t  i n t o  the mounting pad. 

The d i f f e r e n t i a l  

Although RO acce lefa t ion  compensation is b u i l t  i n t o  

A tearpermturn compensation 
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Solid State Qtraia Gages 
/ 

(a) Sensor Schemartic 

Fig, 81 M W  Instrramezats Prorrure Transducer 



6.4 STRAIN TRANSDUCERS 
Strain Transducer Based on Inductive Circuit - During the present 
stutly, a coneept was formulated ror a canopy s t r a i n  measurement 
device based on the  inductive effect between two coils located 
near each ather (Flgure 82). The two coils are orthogonal, and 
an output n u l l  p o i n t  can be realized. The coils can be mounted 
on the canopy cloth so that they mood r e l a t i v e  t o  each other as 

the cloth atretehes. The output slgnal is dependent OR the 

physical displacement of the coils, which I s  In tu rn  a measure 
of the strain in the fabric between the altachmefit points of t he  

t W 0  C o i l s .  

The electrical characteristic upon which t h i s  transducer is 
based I s  commonly used in x~?solvers  and sirnilar e lec t ronic  
equipment. However, a laboratory'test program I s  required t o  
8evelop a device of acceptable aeeuraey, size and weight. 

NASA Langley has performed s t r a i n  measurements by bonding 
so-ealle8 post yield s t r a i n  gages to  the paraqhute tape members. 
S t r a i n  gage manufacturers claim tha t  these gages which are made 

of f i l l y  annealed Constantan, can be used t o  measure 10-15 per- 

cent.  
f n  weasupfng 10 pelpcent s t r a i n s  durfng short duration darplamic 

load pulses. The Langley tests have shown 1 to  2 percent replidual 
IR the fabric and not due to  a gage shift. 

Tests at  NASA Langley have Indicated good repeatability 
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Non-electrical Strain Sensor 
A non-electrical m a x l m u m  strain indicator for high elongation 
materials ha8 been developed by R. 3. Banes at Northrop Ventura. 
Figure 83 shows the principle of operation of this device. 

45 

Laboratory tests conducted with these strain indicators attached 
to nylon parachute fabric indicate the acc~nacy of the instru- 
ment to be within one-percent of the gage length. This accuracy 
is satisfaetory for the measurement of loads or strains in para- 
chute fabrics. A number of these gages have been used irl Parawing 
flight tests, but results have not been pbblished. Laboratory 
tests under dynamic loading conditions have not been made. 

6.5 LOAD TRANSDUCERS 
Consideration was also given to a strain gage type transducer 
capable of measuring the load in the radials of ringsail type 
parachutes. This device is sketched in Figure  84. The transducer 
is intended to  avoid stress concentrations in the material to 
which it is attached. !l%Is is accomplished by attaching Identlcal 
devices to both sides of the ribbon or radial, and by incorporating 
stiff rubber mounts for holding the metal plates to which the 
strain gages are attached. The rubber stiffness is selected to 
be somewhat greater than that of the ribbon or radial to which 
it is bonded. This allows the entire load to be tranrfemed to the 
strain plates without causing stress concentratfons in the ribbon 
material. 

A development prsgram would be Pequired t o  produce a transducer 
of this type that would be sufPtable for malsuring parachute loads. 

Considerable work has been carried out at NASA Langley on 
development of a miniatw load transducer that l a  applicable to 
tape members of parachute canopies. 
the tape member at whatever location is d e a i ~ e d .  Et consists of 

This device can be sewn to 
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E l a s t i c  tape backing attached 
f -  t o  canopy fabric 

I 

1 
4 

L S t r l n g  is s t r a i g h t  (laced through tape) 

L L I  

Str ing  remains straigklt 
L 

Loaded condition 

String becomes gathered 

Load Palieved condition 

F Q  83 Nonelectrical Maximum Strain Sensor 
(Reference 45 ) 
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a rec tangular  stainless steel p l a t e  i n s t r u m e n t e d  w i t h  four srm11 
s t r a i n  gages of standard design and having end t a p e s  for  
attachmerit t o  t h e  r a d i a l .  Lobds up t o  180-lb have been measured 
a t  Langley i n  wind  t u n n e l  and f l i g h t  tests. 

6.6 PHOTOGRAPHIC INSTRUXENTATION 

I n f l i g h t  Testing - Accurate p r o f i l e  and plan view shapes of 
i n f l a t i n g  parachutes are among the mst  valuable  da t a  t o  be 
obtained; however, these data a l s o  seem t o  h e  among the most 
d i f f i c u l t  t o  ob ta in .  Cameras mounted on the tes t  vehic le  
ob ta in  reasonably good plan view p ic tu re s  of parachute canopies. 
These cameras can be c a l i b r a t e d  by photographing a g r i d  of 
known dimensions. The d i s t ance  from the camera t o  the canopy 
can be f a l r l y  accura te ly  estimated, so t h a t  de t e rmin ing  true 
dimensions from such photographs is  p o s s i b l e  t o  perhaps 5 per-  
cent  accuracy. 

Good p r o f i l e  views seem to  occur mainly Vy chance d u r i n g  f l i g h t  
drops,  p r i m a r i l y  because i t  is d i f f i c u l t  f o r  photo chase a i r c r a f t  
t o  maneuver so as t o  maintain the proper camera posi t ion.  Ground 
photographs u s u a l l y  show obl ique angle views, making i t  necessary 
t o  est imate  the camera viewing angle  and c o r r e c t  the measured 
p r o f i l e  height.  Also, i n  the  case  of the drwue chute,  the 
r e so lu t ion  seldom is high enough to  y i e l d  a p r o f i l e  shape su i tab le  
€br stress a n a l y s i s  purposes .  

It i s  b e l e k v e d  that the best way t o  overcome these problems i n  
t h e  proposed tes t  series is  t o  test a t  t h e  lowest possilrle 
a l t i t u d e .  Ground cameras such as t h e  E l  Centro "Big  Eye" have 
foca l  lengths  such tha t  good r e s o l a t i o n  can be obtained from 
long distance,  so t h a t  t he  drop can be made f a r  frorr t h e  camera. 
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By making the  drops a t  low a l t i t u d e ,  the  obliqueness of the view 

ia reduced t o  a m i n i m u m .  
r e s u l t i n g  p r o f i l e  shapes SAould be of' s u f f i c i e n t  accuracy t o  be 

used f o r  comparing with shapes t h e o r e t i c a l l y  predicted by the  CAN0 
stress analysis program. 

After a first order  correct ion,  t he  

I n  summary, i t  is t e l i e v e d  that present ly  ava i l ab le  photographic 
recording means (on board cameras and long focal length ground 
cameras) are adequate provided t h e  tes t  drops are performed 
at  low a l t i t u d e s  ( l e s s  than 2500 f t ) .  

Wfnd Tunnel Testfng - Wind tunnel  tests provide the best  

oppor tunf t ies  f o r  obtaining good plan and p r o f i l e  views of the 

i n f l a t i n g  parachute. "he p l a n  views can be photographed 
accura te ly  using cameras mounted on the support  pylon. Prof f le  
views, are the most d i f f i c u l t  t o  ob ta in .  One problem fs that  

t h e  rays of l i g h t  from the Image t o  be photographed are no t  
parallel .  If t h e  distance from the parachute t o  t h e  camera were 

i n f i n i t e ,  or i f  an opt ics  system capable of producing parallel 
rays were a v a i l a b l e  (such as the Schl ie ren  system co-monly used i n  
wind tunnels) ,  t r u e  projections could be obtained. I n  the 

absence of such equipment, i t  i s  necessary t o  make co r rec t ions  
f o r  the parallax error using the known d i s t ance  from the camera 
t o  the parachute. 
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6.7 PROGRAM PLAN F O R  MEASURING PARACHUTE P R E S S U R E  D I S T R I B U T I O N ,  
LOAD, S T R A I N  AND S H A P E  

This  sectior. describes a program f o r  measurement of the parachute 

canopy parameters required f o r  use i n  the internal loads analysis 
methods described i n  Section 3.0. It encompasses a three-part  
p l a n  designed t o  follow a l og ica l  sequence of (1) laboratory 
development and testing of su i t ab le  instrumentation, ( 2 )  wind 

t u n n e l  t e s t i n g  t o  obtain the required measurements and confirm 
the adequacy of the  instrumentatton, and ( 3 )  l imited f l i g h t  

tests to  obtain fu r the r  measurements and t o  co r re l a t e  wind 

tunnel results.  The program i s  intended as a major s t e p  i n  
obtaining a complete understanding of canopy s t r e s ses .  The 
experimental program strongly i n t e r a c t s  with and depends on 
the theo re t i ca l  methods f o r  predicting canopy loads and stresses, 
and one of i t s  most important r e s u l t s  would be t o  confirm the 

accuracy of the theo re t i ca l  methods. 

6.7.1 Laboratory Development Phase 

A laboratory development phase is considered t o  be a v i t a l  s t ep  
i n  any program aimed a t  making s fgni f icant  improvements i n  the 
s ta te-of- the-ar t  of parachute t e s t ing .  Several pressure trans- 
ducers a r e  cur ren t ly  ava i lab le  f o r  making canopy pressure measure- 
ments, and a choice as t o  which is t h e  most s u i t a b l e  can only be 
made a f t e r  the proper t e s t s  have been car r ied  out .  A number of 
YEW concepts f o r  aeasurement of s t r a i n  and load i n  canopy struc- 
t u r a l  members need t o  be evaluated and improved upon. It is 
not recommended that laboratory evaluation of complete pressure 
measurement systems be ca r r i ed  out a t  t h i s  L ? m e ,  s ince  it  is 
considered that t h i s  e f f o r t  would be premature prfor  t o  carefu l  
evaluation of the  various ava i lab le  transducers. 

* 
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Speci f ica l ly ,  i t  is recommended t h a t  the following items he 
included i n  the laboratory phase t o  develop and t e s t  pressure, 
s t r a i n  and load measurement devices. 

Design and t e s t  a s t r a i n  transducer based c n  
the inddctive principle (Figure 82) 

Design and develop a rad ia l  tape load transducer 
based on the pr inciple  shown i n  Figure err. 
Perform environmental (accelerat ion,  vibrat ion 
and the rna l )  t e s t s  and ca l ib ra t ion  checks an 
current ly  m a i l a b l e  pressure transducers. (This 
work is intended t o  complement ca l ib ra t ion  dnd 
en-Jironnental tests presently being performed 
by  N A S A ) .  

Perform s t a t i c  and dynamic ca l ib ra t ions  of the  
nonelectr ical  maximiim s t r a i n  ind ica tor  i l l u s t r a t e d  
I n  Figure 8) .  

I n  the performalice of items (1) and (2 ) ,  the following general 
approach w i l l  be followed : 

a )  Perform c i r c u i t  analysis .  

b )  Prepare breadboard prototype ( s  1 - rising laboratory 
type recording equipment. 

c ) Perform laboratory tests.  

d )  Make necessary design modifications. 

e )  Retest .  

f )  Select  t en t a t ive  design. 

g )  

h )  Select  f i n a l  design. 

Perform accelerat ion and temperature s e n s i t i v i t y  tests, 
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.I.) Select And obtain f l i g h t  components. 

6.7.2 

j) Perfcrm mom temperature checkout of f l i g h t  

t y p e  system. 

k) Perform accelerat lon arid temperature s e n s i t i v i t y  
t e s t s  of f l i g h t  t y p e  system, 

.e) Fabrjcate a s u f f i c i e n t  number o f  u n i t s  f o r  w i n d  

t u n n e l  tes t ing.  

Wind Tunnel Phase 

Preliminary Considerations i\ wind tunnel pmgram w i l l  bz 
worthwhile both f o r  p r w i n g  out the laboratory developed measure- 
ment systems a s  well  as f o r  obtaining useful measurements of  
canopy parameters d u r i n g  the opening process. 

(Consideration was given t o  the  E l  Centro Whiri Tawer a s  an 
a l t e r n a t i v e  t o  the wind tunnel f o r  making the canopy measurements 
discussed above. The prirrary advantages of the  Whirl Tower a re  
(1) the f a c i l i t y  of observation which i t  affords  f o r  t e s t s  
which can be conducted under  f i n i t e  mass conditiqns and ( 2 )  

the r e l a t ive ly  low cos t  aQd s i m p l i c i t y  of te;ting. However, 
the Vhirl Tower i s  not  appropriate f o r  tes t ing  la rge  parachutes 
havire reefed s tages  because the time ava:l=riile f o r  opening is 
no t  suff ic ient ,  t o  allovJ disreef ing.  It would be necessary t o  
cyen the parachute d i r e c t l y  to  the stage being tes ted.  This 
procedure Is unat t rac t ive  i n  t ha t  i t  does not represent the  
t rue  opening process, and no fu r the r  cons ide ra t im  was given 
t o  the use of the Whirl Tower i n  the program. 1 

Modeling Considerations Because of the  prac t ica l  l imi ta t ions  
associated wi th  scal ing the parachute opening process, it i s  
important i n  wind tunnel t e s t ing  to  use the l a rges t  possible 
sca l e  model. For the Apollo main parachute, the l a rges t  wind 
tunnels avai lable  should be u t i l i zed .  ' b e  Ames 40 x 80-foot 
'Tunnel and the Langley 30 x 60-foot Tunnel both can accommodate 
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large parachute models. The Ames Tunnel is capable of operatiw 
a t  dynalnic p r e s s u r e s  u p  to  100 psf ,  while the Langley Tunnel is 
limited to  about 63 psf.  Because of its larger s i z e  and dynamic 
p r e s s u r e  rallge, the Ames 40 x 80-foot Tunnel is the  most suitable 
for Apollo parachute testirg. 

Prior  experience has shown t h a t  t o  avoid undesirable tunnel 
blockage effects, the  drag  area of the parachute model should 
be l i d t e d  to 15 percent or the tes t  section area. For a t e s t  
sec t ion  area of 3200 f t  
allowable Do is a b o u t  28 f t .  ThLs means t h a t  one-third s c a l e  
models of the  main parachute and f u l l  s c a l e  drogue  chutes can 
be tested. Tests of a one-third s c a l e  cradel and a reefed f u l l  
s ca l e  nodel of an early r a i n ,  parachute des ign  were s u c c e s s f u l l y  
car r ied  odt ir, t h -  hes  Tunnel i n  1963. 

2 and a C b  of about 0.8, the maximm 

46 

Parachute models canopies should be scaled geometrically to 
duplicate  porosi ty .  This means that the e f f e c t i v e  thickness, 
and width dimensions of the materials should be scaled. 

This presents a problem i n  the  case of the Apollo main parachute 
since the 1.1 ounce c lo th  is about t he  l ightest  rqvlon parachute 
material for which porosity can be controlled.  I n  order to  
maintain the proper s t i f f n e s s  d i s t r ibu t ion ,  therefore,  a l l  of the 
materials should r e t a i n  fill. scale effec’;ive thickness. For 
example, the r a d i a l  tapes should be of the same weave w i t h  Scaled 
width, and the strength of the stlspension l i n e s  should be reduced 
by the first power of the  s c a l e  f a c t o r  rather than t h e  square. 

Thia w i l l  give a s t ruc tu re  that  is too stiff oy the  s c a l e  f a c t o r  
and w i l l  make i t  more d i f f i c u l t  t o  m s s u r e  s t r a i n s  accurately.  
I n  the  wind tunnel tests, s t r a i n s  can be made comparable t o  f u l l  
s ca l e  by testing a t  higher dynamic pressures. The tests of 
Reference 46 demonstrated a reasonable s imi l a r i t y  i n  reefed canopy 
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shape between a f u l l  scale and a one-third scale model constructed 
of the same material, as discussed abave. It may be assumed 
t h a t  the d i f f e r e n t i a l  p ressure  d i s t r l b u t i o n  o f  the two models 
were s i n i l a r  s ince  the  shapes were similar. (F igure  85) 

Program Outl ine Ihe Dbjectives D f  t h e  wind t u n n e l  t es t  prqp%m 
are summarized as fal lows:  

1 )  To Dbtain measurements of riser force ,  pPessure, 
s t r a i n  and load d i s t r i b u t i o n  i n  a f u l l  scale 
Apollo d m g u e  chute and a me- th i rd  scale main 
parachute model, and to  record photographically 
the  shape and filling characteristics. 

2) To provide p r e s s u r e  d i s t r i b u t i o n  data fo r  use  
I n  t he  CAW stress a n a l y s i s  program, and t o  
provide s t r a i n ,  load and shape data f o r  com- 
par ison with the pmgram's predictions. 

3) Ta ver i fy  the s u i t a b i l i t y  of the selected pressure 
s t r a i n  and load instrumentat ion for  f l i g h t  test use.  

The pmgram test schedule is presented i n  Table  14. 

I n  the case of the drogue chute, the maximum a v a i l a b l e  tunnel 
dynamic p r e s s u r e  of 100 psf  is only half of the maximum f l i g h t  
dynamic pressure  of 204 psf  for  high a l t i t u d e  abort. Although 
it would be desirable t o  simulate the m a x i m u m  dynamic pressure,  
it should be possible to  determine the manner i n  which dynamic 
pressure inf luences the measured q u a n t i t i e s  by testing i n  the 
r aqe  f r o m  20 t o  100 psf .  Moreover, if the  CAN0 stress a n a l y s i s  
pmgram p r e d i c t s  r e s u l t s  adequately over  the a v a i l a b l e  raPllje 

of dynamlc p r e s s u r e ,  a high degree of confidence is j u s t i f i e d  
i n  i ts  adequacy a t  design dynamic pressures  s ince  the  ve loc i ty  
is not  so high that s i g n i f i c a n t  compress ib i l i ty  effects are 
encountered. 
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Table  14. Wind Tunnel Test Schedule 
- - t  . . . .  T--.- ---.----.  . --__- I - - -.- 

! 

i 

Outs ide  Melzig transduzer 
i 2  

1 

Run DYn Opening 
' 

No. Parazhute Press . (paf )  Stage Remarks - ... - . - . - -  --. _ _ . _ _ _ .  

I 

I DrDgue 
2 
3 ;  
4 .  
5 
6 

7-12 Drogue 

13 28- f t  Do 
14 .Main 
15 
16 

18 
19 
20 ! 
21 ; 

20 

43 

100 

90 
75 
24 
63 
59 
16 
45 
25 a 

Repeat of Runs 1-6 
I 1 I 

2 ;  
3 
1 
2 
3 I 

1 I 
2 ;  
3 :  

I 

Repeat of Runs 13-21 . - . .  - "  ... 
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The appmsch taken for  the 28 foot main parachute models is 
t o  test at three dynamic pressures.  (The test  schedule is 
based on the assumption that presswe t r m s d u c e r s  s u i t a b l e  
for  testing at  90 psf  dynamic pressure w i l l  be ava i l ab le . )  
The highest dynamic pressures  listed fo r  the second reefed and 
f u l l  open stages are approximately three times the m a x i m u m  
f l i g h t  va lues  for a high a l t i t u d e  abort. 

Testing Techniques and Procedures 
from deployment bags wi th  the suspension l i n e s  stretched out 

hor i zon ta l ly  f r o m  the pylon mount t o  the  deployment bag pos i t ion .  
Figure 86 shows the proposed arrangement of t he  model i n  the 

Ames 40 x 80 foot tunnel  prior t o  deployment. 
bag is suspended f r o m  the c e i l i n g  and s tabi l ized in the tunnel  
by a p i l o t  chute.  

A l l  models w i l l  be deployed 

The deployment 

The ceiling support  lanyard,  which i s b r o u g h t m t s i d e  the tunnel  
through a c e i l i n g  access port, also suppor ts  t he  c u t t e r  l f n e  
for the deployment bag tie. Figure 87 ( taken  from Reference 46) 
is a sketch of t h e  deployment bag and lanyard arrangement. 
Prior t o  tunnel  start, t h e  p i l o t  chute  I s  l a i d  on the tunnel  
floor. As soon as a i r  begins  t o  flow through the tunnel,  t he  

p i l o t  chute  i n f l a t e s  and assumes i ts  intended pos i t i on  behind t h e  

deployment bag. 

i n i t i a t e  deployment. The deployment bag and p i l o t  chute  are 
extracted from the tunnel  through the ceil ing accem port .  Reef- 
ing l i n e s  on the model parachutes are c u t  by remotely i n i t i a t e d  
pyrotechnic Peefing l i n e  c u t t e r s .  

The bag t i e  c u t t e r  is operated manually t o  
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Instrumentation Instrumentation f o r  a l l  tunnel  tests t o  support 
the s t r u c t u r a l  ana lys i s  methods w i l l  consiet  of the following: 

Pressure Transducers - Ten transdacers w i l l  be 
spaced along a radial tape and a mid-gore l i n e .  

S t r a in  Transducers - Ten transducers w i l l  be  

located in posi t ions corresponding to  those of the  
pressure transducers, b u t  on radials and gores 
adjacent t o  those used f o r  the transducers, so 
t h a t  no s a i l  is  required to  support more than one 
transducer . 
Load Transducers - Ten t x n s d u c e r s  w i l l  be located 
on  r ad ia l  and v e r t i c a l  tapes.  

Riser  Force Load Link - An instrumented load 
l i nk  of standard d e s i g n  w i l l  be used t o  obtain 
r i s e r  force.  

Reefing and Vent Line Load Links - Instrumented 
load l i n k s  w i l l  be used to  obta in  reef ing and 
vent l i n e  loads. 

Photography - The suggested locat ion of motion 
picture  cameras is shown i n  Figure 86. A 16 mm 

camera operating a t  128 frames/sec w i l l  be used 
t o  obta in  a x i a l  photographs and a second camera 
operating a t  128 frarnedsec to  obta in  p ro f i l e  
photographs of the i n f l a t i n g  parachute models. 
A variable  speed 70 mm t r i p o d  mounted camera w i l l  
be used t o  obta in  high qua l i ty  p ro f i l e  photographs. 
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6 )  (Continued) 

The cameras w i l l  b e  equipped with automatic timers 
t 9  Drovide f i lm  t i m i n g  m2rk3, and w i l l  be synchronized 
w i t h  the oscil lograph recordings by a flashing l i g h t  
common t o  a l l  cameras and wired through the oscil lograph. 
Camera ca l ib ra t ion  w i l l  be accomplished Sy photo- 
graphing a g r id  placed a t  the tunnel cen ter l ine  
having ove ra l l  dimensions equal to  the parachute 
p ro f i l e  maximum dimensions. E r r o r  i n  measuring 
parachute p ro f i l e  diameter f r o m  the photographs 
w i l l  be l e s s  than 5 percent a f t e r  correcting f o r  
para1 l ax  . 

O u t p u t  of the s t r a in  and load transducers and the r i s e r ,  vent 
and reefing l i n e  load l i n k s  w i l l  be recorded on osci l lographs 
or  Sanborn recorders. 

Data Reduction - Scaled i l l u s t r a t i o n s  a t  selected times d u r i n g  
t h e  opening process w f l l  be prepared f o r  each parachute tested. 
A l l  pressure, s t r a i n  and load data (including riser force and 
vent line f o r c e )  w i l l  be smoothed and plot ted as functions of 
time. 
f i l e s  w i l l  be prepared a t  times corresponding t o  those selected 
f G r  photographic analysis .  
the CAN0 program and the program p r  d ic t ions  w i l l  be compared 
w i t h  t he  measured strain,  shape and load data.  

From these plots ,  canopy pressure, s t r a i n  and load pro- 

Pressure Drofiles w i l l  be i n p u t  i n t o  



6.7.3 F l i g h t  Test Phase 
Frelirninary Considerations because of the cos t  and complexi%y 
of f l i g h t  t e s t i n g ,  t h e  tests will be 1 in : i t ed  t o  low a l t i t z d e  
1,2500 ft> s i n g l e  parackuJte d r o p s  of' one-tiiird s c a l e  maiii para- 
chute niodels and a srmll number of f u l l  s c a l e  main parachute* 
drcps !'or v e r i f i c a t i o n  purposes a t  h igh  a l t i t u d e  (10,750 ft). 
T h i s  i s  considered reasonable i n  v i e w  of t h e  f a c t  tha t  t he  test  
instrumentat ion and techniques involved are new and t h a t  
in te rp-e ta t ion  of the d a t a  may be d i f f i c t i l t ,  even f o r  the 
s i m p l e s t  $est  condi t ions.  Good p r o f i l e  silape da ta  a r e  corisidered 
t o  be of h i g h  v a l u e  i n  c o r r e l a t i n g  predic t ions  of t h e  CANO stress 
a n a l y s i s  program. Therefore, tes1,ing a t  low a l t i t u d e  t o  
allow acquis t ion  of i:i.$ qua l i t y  photographs i s  considered a 
worthwhile compromise. 

The test objec t ives  a r e  summarlzed as follows: 
1 To obta in  i n f l i g h t  rrieasJre:r,ents of 

riser force ,  pressure,  s t r a i n  and lozd 
d i s t r i b u t i o n  for one-third s c a l e  and 
f u l l  s c a l e  Apollo r a i n  parachutes, and 
t o  record photographically their  shape 
and f i l l i n g  c h a r a c t e r i s t i c s .  

2 )  To provide pressure d i s t r i b u t i o n  data 
for use  i n  the  CANO stress ana lys i s  program, 
and t o  provide  s w a i n ,  load and shape data 
f o r  confirmation of program r e s u l t s .  

Y v;zI11 s c a l e  main parachutes s u i t a b l e  for t e s t i n g  are present ly  
a v a i l a b l e  a t  Northrop Ventura. 
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3) To obtain data  f o r  substant ia t ing the scal ing 
laws developed i n  Reference 1, Section 2. 

Instrumentation The instrumentation w i l l  cons is t  o f :  

1) PreSSLre, s t r a i n  and r a d i a l  tape load transducers 
(whatever t y p e s  appear most su i t ab le  a f t e r  lab- 
oratory and wind tunnel t e s t s ) ,  located i n  posit ions 
w i t h i n  the canopy iden t i ca l  to  those of the win\ ;  
tunnel models. 

2 )  Riser force,  reefing and v e n t  l i n e  load l i n k s .  

3 )  Ground-based motion picture  cameras of focal  l e n g t h  
such t h a t  good resolut ion is obtained. 

4 )  Onboard cameras to  record the parachute a x i a l  view 
d u r i n g  i n f l a t ion .  

5 )  Airborne motion picture camera coverage f o r  the frill 
scale  drops. 

A l l  transducer outputs w i l l  be  recorded by an oscil lograph 
car r ied  aboard the d r o p  r e s t  vehicle,  and dynamic pressure w i l l  
be measlrred by a n  onboard p i t o t  tube. A l l  instrumentation w i r i n g  
w i l l  be routed along r a d i a l s  and down suspension l i n e s  t o  the 
t e s t  vehicle.  The data presentation format w i l l  follow t h a t  
used i n  the wind tunnel t e s t s .  

Test Conditions The scal ing laws derived i n  Reference 1 for 
ve loc i t i e s  and masses are ,  respectively: 

1 
Vl/V0 = (r1/r0)~ 

M1/Mo = (P1/Po) (rl/ro)3 (dupl icates  added ma88 r a t i o )  

(dupl icates  FrouCe number ) 

where the subscr ipt  1 denotes the  model and 
subscr ipt  o the f u l l  sca le  parachute 



These expressions can be used t o  compute t e s t  conditions which 
make a model parachute simulate a f u l l  scalz  parachute. Table 
15presents  the required v e l o c i t i e s  and vehicle masses f o r  the 
one-third s c a l e  parachutes f o r  t e s t ing  a t  2500 f t  a l t i t u d e ,  
simulating a main parachute opening a t  10,750 f t  a f t e r  a high 
a l t i t u d e  abort .  

Table15. Test Conditions for Simulation of a 
F u l l  Scale Parachute bv Use of a One- 

Thi rd  Scale Model - 
A l t i t u d e  Veloc it Vehicle Mass 

( f t )  ( f t / s ecJ  O b  1 
Pai-ac h u  t e Scale 

- 
Apollo Main F u l l  10,750 330 6500 
Node1 113 2,500 190 313 

Modeling the  s t r u c t u r a l  s t i f f n e s s  for dynamic simultude presents 
a ser ious problem. This  i s  r e a d i l y  apparent if i t  i s  recalled 
t h a t  t h e  s t r a i n  i s  proportional t o  load pe r  u n i t  area (assuming 
l i n e a r  s t r a i n  curves f o r  s i m p l i c i t y ) ,  while the load 1s propor- 
t i o n a l  t o  t h e  radius  cubed. 

Thus the s t r a i n s  i n  the s t r u c t u r a l  members of a geometrically 
scaled model (length,  width,  and thickness) would be only one = 

t h i r d  t h a t  of a f u l l  s ca l e  model tested a t  t h e  same a i r  asnsl ty .  
The model discussed i n  sec t ion  6.7.2 f o r  wind tunnel tes t ing  ( f u l l  
s ca l e  thicknesaj would experience s t r a i n s  of one-ninth those 
of t h e  f u l l  s ca l e  model, and the ac tua l  change i n  length ( i n  
inches) for  a given member would be only 1/2'! t h e  f u l l  sca le  
value.  It is obvious that  t h e  measurement of these small s t r a i n s  
i n  f ab r i c  mater ia ls  would present a problem. The s t r a i n  d i s t r i b u -  
t i o n ,  and therefore the shape,  o f  the model would be s l i g h t l y  
d i f  fe ren t  from the f u l l  sca le  parachute because of the improper 
s t i f f n e s s  modeling. 
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If, on the other hand, the construction details of a model 
uith proper stiffness for dynamic simultude are considered, the 
difficulty of this approach is apparent. A one-third scale model 
of the Apollo main parachute with 68 gores would have suspension 
lines of 24 pound cord and radials of' doubled 13 pound tape. 
These tapes would be equivalent to a strip of 1.1 ounce cloth 
(42 lb/in) with a width of 0.31 inches. 
aleviat2d somewhat by using a smaller number of gcres. 
the sail material, however, it would be necessary to use some 
material other than nylon cloth to simulate the reduced stiffness 
while maintaining the proper porosity. 

This problem could be 
For 

For full scale parachute tests, it is considered that the most 
useful data can be obtained by testing at the actual flight 
altitude a.id velocity of 10,750 feet and 330 ft/sec., respectively. 

The dynamic pressure at t h i s  condition is 90 gsf and will require 
use of a pressure transducer with twice the range of the cur- 
rently available Melzfg-type (Schjeldahl) transducers. 

It should be noted that this limited test series is designed 

to determine the suitsbility of the canopy instrumentation as 
well as to obtain useful data. It is anticipated that an ex- 
panded test seriey fncludlng drogue chute8 and clustered para- 
chutes w i l l  be recommended as a next step. 
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SECTION 7 . 0  
S !TM NARY 

The r eeu l t s  of  a one-year stlAdy of  parachute e t ruc tura l  ana lys i s  
methods u t i l i z i n g  t e s t  data  dccumulated d u r i n g  the Apollo de- 
velopment and qua l i f i ca t ion  t e s t  pTograms a re  presented. # S t u d y  
r e s u l t s  include: 1 )  a l i t e r a t u r e  review, 2 )  refinement and 
extension of the ana lys i s  methDds, 3 )  cormborat ion of  the 
m L L I x i s  by comparison zf analy t ica l  and t e s t  rcslilts, 4 )  a p -  

p l i r h t i o n  of  the improved method t o  the A p a l l ~  parachutes, 
5 )  a s t u d y  of dynamic loading e f f e c t s  i n  p i l o t  parachute risers, 
and ;) a s t u d y  o f  the techniques of measuring loads, s t r a i n s  
an3 d i f f e r e n t i a l  pressures i n  parnchutes. 

A methad f o r  computing the in t e rna l  load d i s t r i b u t i o n  f o r  a 
parachute w i t h  a given 2pplied r i s e r  load and canopy d i f f e r e n t i a l  
pressure is presented. T h i s  analysis  determines the  canopy shape 
and in t e rna l  load distribution tha t  s a t i s f i e s  e q u i l i b r i u m  and 
boundary conditions f o r  a g i v e n  parachute. The va l id i ty  0 the 
ana lys i s  is demonstrated by comparing the ana ly t ica l ly  predicted 
shape w i t h  photographs of the Apollo parachutes. While man; 
d i f f i c u l t i e s  a re  encountered i n  the in t e rp re t a t ion  of f i l m  data ,  
reasonably good cor re la t ion  is obtained i n  comparisons of pre- 
dicted and observed shapes of the drogue, p i l o t  and main para- 
chutes. (See Figures 21, 22, 32, 38, 39, 41 and 42). 

F u r t h e r  v e r i f i c a t i o n  of the method is obtained by cornpal-in@; 
the predicted f a i l u r e  l o a d s  and modes f o r  the drogue chute 
and three  versions of t h e  main parachutes wi th  s t r u c t u r a l  
f a i l u r e s  tha t  occurred d u r i n g  the  Apollo development t e s t ing .  
It i s  shown t h a t  the ana lys i s  cor rec t ly  predicts  the approxi- 
mate f a i l u r e  loads and loca t ion  of the f a i l u r a .  
and 2) 

(See Tables 1 
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The a n a l y s l s  is implemented i n  a c m p u t e r  pmgram, CAXO, which 
makes it possible t3 u s e  a large d i g i t a l  computer ~ I E : ~ ~  360/@1 
t o  pe r f s rm the  many i t e r a t i v e  compritati9ns reqiiired fsr a s o l u t i m .  
Cse is made 3f t h i s  to31 i n  perf3rming s%reral s tudies ,  as  dis- 
cussed i n  the  paragrnphs below. 

Dmgue Chute S t r u c t u r a l  b d e l  V a r i a t i o n  

A st ' idy of the s e n s i t i v i t y  o f  the  i n t e r n a l  lsad d i s t r i -  
bu t idn  t:, v a r i a t i o n s  i n  r a d i a l  t a p e  s t i f f n e s s  H a s  made 
t o  e v a l u a t e  t h e  a s s u m p t i m s  t ha t  m u s t  be made c m c e r n i n g  
the effect  D f  v e r t i c a l  members i n  the  mdeling 3f r ibbon 
parachutes. 
h o r i z o n t a l  member load ing  f o r  the range c,f radial  tape 
s t i f f n e s s  i n v e s t i g a t e d .  

Results show v a r i a t i o n s  o f  8 pe rcen t  in 

Dmgue C h u t e  P r e s s u r e  L i s t r ib l i t iDn  

Canopy pmfiles and i n t e r n a l  13ad d i s t r i b u t i o n s  are corn- 
outed f o r  f D u r  d i f f e r e n t  pressure d i s t r i b u t i m s  fgr the 
f u l l  open dmgue chute. For the two extremes I n v e s t i g a t e d ,  
i.e., peak p r e s s u r e  a t  the skirt and peak p r e s s u r e  a t  the 
vent ,  maximum h w i z o n t a l  Pibbon load ing  v a r i e s  by 15 pe r -  
c e n t  and maximrim radial  tape l o a d i r g  v a r i e s  by 10 percent .  

Dmg?re ChJte Cmwth Sttidy 

R e s u l t s  of a s tudy  of the  v a r i a t i o n  D f  the shape and i n -  
t e r n a l  loading i n  the drogue chute for d!fferent riser 
loading  (with siallap p res su re  d i s t r i b u t i o n s )  show that  
the  changes i n  d iameter  and i c t e r n a l  loading are es- 
s e n t i a l l y  l i n e a r .  
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P i l o t  C h u t e  I n t e r n a l  Load D i s t r l  but ion 

I n t e r n a l  loads are computed f o r  the p i l o t  chute u s i r g  
a s t r u c t u r a l  model t ha t  simulates the s l o t s  and the 
seams along the edges o f  the hor izonta l  panels. Resclts 
show that  the  midsections of the cen te r  panels are t h e  
most c r i t i c a l l y  loaded areas. 

Main Parschute S t r u c t u r a l  -- I b d e l s  

Three versions of the main parschute, represent ing m5or 
s t e p s  i n  the evolu t ion  of the  p r e s e n t  d e s i g n ,  are com- 
pared. R e s u l t s  show t h a t  leading edge f u l l n e s s  i n  the 
lower s a i l s  causes h igh  load i rg  i n  t h e  trail1r-g edges 
of these sai ls .  Addition o f  re inforc ing  tapes t o  the 
t ra i l ing edges i n  c r i t i c a l  areas lowers the load-to- 
strength r a t i o  l o c a l l y  and a l s o  reduces t h e  loading i n  
the  unpeinfmced areas. (See Figure 3 6 )  

Main Parachute Fa i lurv  Analysis 

Predic ted  fa i lure  loads and loca t ions ,  based 3n the  
thpee s t ructural  mdels discussed above, are compared 
wi th  s t r u c t u r a l  failures that  occurred during the Apollo 
development programs. Good agreement is shown between 
predicted and fa i lure  loads w i t ) :  a maximum spread of 
- + 13 percent. (See Table 2 )  

Main Parachute Pressure Di s t r ibu t ion  and Film Analysis 

Since r.o information is a v a i l a b l e  on the  pressure d i s t r i -  
b u t i o n  of  reefed parachutes, the f e a s i b i l i t y  of icferring 
the p res su re  d i s t r i b u t i o n  f r o m  the shape of the canopy is 
invest igated.  Although the drop tes t  f i lms available do 
n o t  g i v e  the p r o f i l e  views required fo r  an  accura te  de- 
t e r m i n a t i m  G f  Gressure d i s t r i b u t i o n ,  it is stlown t h a t  a 
f ixt  approximation czn be obtained from t h e  data a v a i l -  
able. Yhls appmximatlofi qhouid g ive  be t t e r  accuracy i n  
the zrtructural ana lys i s  than the assumption of tiniform 
pressure used  In the  pact. 
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Str?ss-Tic? SLudy of' the ?:air! Farbch,ite 

?revlous anslyses consldered oriiy three i r s  tants it-, 

the oFenFnq, procGjss of t h e  mair: parachute. It was 
assmed thst inaxin~m riser loading and maxlmtim i n -  
t e rna l  ioadicg o c c n r e d  a t  the t i x e  tha t  the p a r z c h t e  
reached i t s  maxlnitur, i n f l a t i o n  conditiori f o r  the s i age  
being investigated.  Iri this stady, drop t e s t  fibs 
a r e  correlated w l t f i  l o a d  t races  t o  ;ietcrrcir:e the r i z e r  
load , . ~ d  degree of inf la t io i l  a t  cle-den i n s t a c t s  d w i c g  
the opening process. Tressure d i s t r tb5 t ions  a re  niso 
estimated a t  these i n s t a n t s  by $he tec!inlql;e discdssed 
i n  the preceding paragraph. Iz'ith these inp.it,s, program 
CAN0 is ased t o  c m p u f e  the 1036 i n  each p&r%chiite c le-  
ment. Won; these resu1ss, stress-time h i s t o r i e s  f o r  
each s a i l  and f o r  a Ejrpical r a d i a l  tape &re  constrJctcd. 
(See Figures 45 throllgi. 48 arid T: jb le  G ' .  

Optimum Weight Calculatfoz for the :&in Parachute 

The weight of an idealized r a i n  parachute ir. which a l l  
members a r e  jilst strong enolAgil a t  every polnt to u l t h -  

stand d e s i g n  loading is  given. I f  r e a l i s t i c  jolrit 
e f f i c i enc ie s  a r e  used i l l  this calculat ion,  the r a t i o  of 
the Apollo main parachute weight t o  the optinium weight 
is 1.53. If 100 percent j o i n t  e f f i c i enc ie s  a re  dsed, . 
t h i s  r a t i o  I s  2.17. Although these optimim weights 
can never be achieved I n  prac t ice ,  they car. serve a s  
a yardstick f o r  judging the e f f ic iency  of a parach*.ite 
design and, together w i t h  proper s t a t i s t i c a l  data, a s  
a sound bas is  f o r  pred ic t icg  the weight of a new dzsign. 
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Margin :,f Safety Calculations f m  the  Nain Parachute 

The cgmputer pmgram, C A N ,  t h a t  resulted f r o m  t h i s  
s t u d y  is applied In cmputing the margins of s a fe ty  
f o r  the Apollo main parachiite campy t c ?  i l l u s t r a t e  
the  refinements i n  s t r t ic tura l  ana lys i s  made p 3 s s i b l e  
by t h i s  s t u d y .  
Appendix B a r e  the mlnimum val!:es fmn 102 coeputer 
runs simulating the deployment process. The maximum 
applied riser l=>ads f o r  t h e  me-dmgue, t w D - m a l n  
entry case a re  taken fmm Appendix C 3f V31. -  . 
bad-t ime h i s to r i e s  a r e  estlmted frm drc  

t r i b u t i o n  curves are applied a t  each openirq: 'rere- 
ment t o  cover the uncertainty i n  t h i s  area,  

The margins of safety given i n  

T 

- photographs. A comprel:ensive set of preasu s- 

A new in t e rna l  loads ana lys i s  f o r  ribbon parachc 3 is also 
included. I n  t h i s  analysis ,  ca l led  CAI40 1, the s t r u c t u r a l  mdel 
includes v e r t i c a l  r i b b n s .  In t e rna l  load s o l u t i m s  are given 
rbor the  drogue chute In  both the reefed and disreefed c m d l t i m .  
The results shQw t h a t  a s i g n i f i c a n t  p r t i o n  of the meridional 
load is carr ied by the v e r t i c a l  r i b b m s ,  t he reby  g i v l m  lower 
r ad ia l  tape loading. No t s t  da ta  t o  corroborate these r e s u l t s  
&re avai lable ,  so the  ana lys i s  m u s t  be u s e d  with caution. 

A s t u d y  of data obtained i n  dynamic loading tests of p i l o t  chute 
risers is given. An approximate linear-elastic a n a l y s i s  produces 
explanations of many aspects of the test data; It 18 shown that 
longitudinal wave effects must  be included i n  the s t r u c t u r a l  
analysis of p i l o t  chute risers since m u l t i p l e  f a i l u r e s  and 
f a i l u r e s  i n  free lengths may occur a t  loads that  would not cause 
failure i f  applied s t a t i c a l l y .  It is a l so  shown that hystersis 
e f f e c t s  m u s t  be considered i n  the load-strain relat ion8hips  used 
i n  the riser dynamic ana lys i s .  Improved results are obtained by 
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u s e  of nonlinear s t a t i c  load-strain cdrves and a rr,ore accurate 
representat ion of t h e  boundary conditions i n  a compdterized f i n i t e  
difference nethod approach. F'rrther refinement of t h e  mathemati- 
c a l  model is  shown t o  be necessary. Analysis of ttie pilot chi te  
r i s e r  t e s t  data  skows C h a t  the dytiamic load-strain c_rrves followed 
by t h e  r i s e r  nylon webbing a r e  approximately l i nea r ,  b u t  tha t  
small var ia t ions  from l i n e b r i t y  produce e f f e c t s  which canriot be 
neglected. It is seen tha t  t h e  longi tudinal  wave speed Is 
sensi t i - le  to some as  yet  undiscovered var iable  in t h e  tests 

With the f a c i l i t y  provided by the CAXO ana lys i s  fo r  de ta i led  
s t r u c t u r a l  nodeling and for Invest igat ing many loading conditions, 
t h e  accilracy of the reported s t r u c t a r a l  ana lys i s  i s  limited 
r a i n l y  by the acc:iracy of input loadirig data. Although accJra te  
methods for predict ing r i s e r  loads have been developed (see 
Yolime Xi, l i t t l e  informatlon is avai lab le  0 1 ;  the d i s t r ibu t ion  of 
aerodynamic forces  or. the canopy. It is  showr, i n  the ana lys is  
t h a t  t h i s  d1; t r ibut ion has a first order e f f e c t  on the loading 
of ir.dividuF.1 parachute nembers. ilesults of a s t u d y  of the 
techniquer of measLlring canopy d i f f e r e n t i a l  pressure d l s t r ibu t ion  
2nd in t e rna l  loading a re  given, together w i t h  a plan f o r  a three- 
phase t e s t  program to acquire these data for  the Apollo parachutes. 
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SECTIQN 8 
cc: N cius IC :Is 

The canc lus i3ns  based 3n the w x k  desc r ibed  i n  t h i s  r e p w t  ape 
as  f o l l a w s :  

The s t ruc tu ra l  a n a l y s i s  methDd implemented i n  
cDmpute r  prDgram CAN0 g i v e s  a s a t i s f a c t m y  e s t i -  
mate D f  t h e  i n t e r n a l  lDad d l s t r l b u t l m  i n  a para- 
chute u n d e r  kmwn riser and aemdyfiamlc l aad ing .  
This cDnclus13n is based 3n c3mparisDns 3f pre-  
d i c t e d  shapes w.ith d r s p  t e s t  phDtDgraphs and 3 n  
c3mparisans Df failure l D a d s  and mxles wi th  t e s t  
r e su l t s .  

2 )  When g m d  phDtapraphlc data and riser l x a d  traces are  
a v a i l a b l e ,  I t  is p x j s i b l e  t 3  i n f e r  the c a m p y  
d i f f e r e n t i a l  pressure d i s t r l b u t i a n  fram the c a m p y  
shape. “ypical  d m p  t e s t  phatagraphs d2  not  pr3- 
v ide  the d e s i r e d  accuracy, hawever. 

3 )  The a n a l y s i s  techniques  used i n  the stress-time 
s t u d y  a f  the main parachute c a n  be used t 3  pre-  
d i c t  the s ta te  o f  stress i n  a parachute thrDNh3ut 
the apening process  pmvlded t h a t  accurate shape-time 
and riser f o r c e  h i s t o r y  data are a v a i l a b l e .  

4 )  An a n a l y s i s  D f  the Apallo drague chute (a c o n i c a l  
r l b b a n  pa rachu te )  i n d i c a t e e  that  a s l g n i f  i c a n t  
p a r t i m  of the mer id iona l  lDad is carried by the 
v e r t i c a l  members. Cormbora t lng  t e s t  data,  which 

could be 3bta ined  by  measuring v e r t i c a l  r i b b n  and 
radial t a p e  loads ,  are needed t o  v e r i f y  t h e  a n a l y s i s  
presented.  
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5 )  Most o f  t he  unexpected r e s u l t s  Dbserved i n  
the riser dynamics tests c a n  b e  e x p l a i n e d  by 
a g r a p h i c a l  l i n e a r - e l a s t i c  a n a l y s i s .  A mare 
accurate, n o n l i n e a r - e l a s t i c  a n a l y s i s  c a n  be  clad? 
by u s i n g  f i n i t e  d i f f e r e n c e  methods t a  s 3 l v e  the  
dynamical  eqiiatims 3f parachu te  risers inder  
impact  l oad  ing . 

6 )  Unusual fa i lures  such as s imultaneDus m u l t l . p l e  
b r e a k s  and fa i lures  i n  f ree  l e n g t h s  a f  p i l 3 t  

c h u t e  risers c a n  be  caused by t e n s i l e  s t r a i n  
waves a t  l o a d s  t h a t  would n o t  c a u s e  fa i lure  if 
a p p l i e d  s ta t ica l ly .  The wave s p e e d s  Dbserved 
i n  t h e  tests were s e n s i t i v e  t:, s3me as g e t  un- 
de te rmined  variables.  

7 )  The most impor t an t  unkn:,wn fact3r  i n  parachute 
s t ructural  a n a l y s i s  is canopy d i f f e r e n t i a l  pres- 
sure d l s t r i b u t h n .  A meth:,d f D r  pred ic t ing  pres-  
sure d i s t r i b u t i o n  1s needed for pretest  s t r u c t u r a l  
a n a l y s i s .  
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SECTION 9.0 
1: ECOMMEND ATIONS 

Based on the  results D f  the  one-year s tudq  o f  s t r u c t u r a l  
ana lys i s  techniques f o r  Apollo spacecraf t  parachutes, i t  is  
recommended tha t :  

The s t ress - t ime ana lys i s  method presented i n  
t h i s  r epor t  be used i n  future parachute d e s i g n  
and development programs. 

The i n t e r n a l  load ana lys i s ,  CANO, b e  used t o  make 
a systematic s t u d y  of the effects  of the major 
design parameters on parachute weights. 

The concept of a t h e o r e t i c a l l y  optimum parachute 
be used f o r  eva lua t lng  the s t r v c t u r a l  e f f i c i ency  
of e x i s t i n g  parachute designs,  arid t ha t  i t  be used 
as the basis fop  predicti.ng the weight of f u t u r e  
designs. 

The s t u d y  of the  v a r i a t i o n  of campy shape with 
pressure d i s t r i b u t i o n  be  continued t o  provide a 
method f o r  estimating pressure d i s t r i b u t i o n  f r o m  
d r o p  tes t  photographic data. 

A tes t  program be undertaken t o  measure pressure, 
s t r a i n  and load d i s t r i b u t i o n  i n  parachutes d u r i n g  
the opening process. 

Cor robora t imbe  sought, by t e s t  measurement s, f3P 

the i n t e r n a l  load a n a l y s i s  for ribbon parachutes 
developed i n  t h i s  r e p o r t .  

A methad b e  developed f o r  pred ic t ing  d i f f e r e n t i a l  
pressure d i s t r i b u t i o n  on parachute canopiea, pre-  
f e rab ly  an ana ly t ica l ly  based method with empirical 
support; th i s  1s required t o  remove a barrier t o  
advancement o f  parachute stress anal-ysis technology. 
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8) The use fu lness  o f  ph3tographI.c data be imprwed 
i n  f u t u r e  f l i g h t  tests by:  a )  use D f  a l r b D r n e ,  
high r e s o l u t i o n  cameras t3 Dbtain goDd p r o f i l e  views 
a t  the  c r i t i c a l  stages 3f each t e s t ,  b )  d i s t i n c t i v e  
marking af the canopy members, and c )  c a l i b r a t i o n  
D f  onboard cameras before  each f l i g h t .  

9 )  The v a r i a b l e  wave v e i w i t y  and Dther  phencmena be 
invest igated by conduct ing tests s imilar  t:, thDse 

described here in ,  b u t  w i th  greater c m t r D l  3ve r  the  
manner in which the impact load is a p p l i e d  t:, the 
end of the specimen. The -specimens should b e  de- 

s igned i n  such a way tha t  d i s c m t i n u i t i e s  da not  
i n t e r f e r e  w i t h  p r e c i s e  o b s e r v a t i a n  af' the wave 
a c t i o n .  One series af tests s h n u l d  be Dptimized 
with respect t o  determining material p r 3 p e r t i e s  
(dynamic l o a d - s t r a i n  c u r v e )  and a second series D f  

tes ts  optimized with r e s p e c t  t o  de te rmining  the 
behavior  ( t r ansmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s )  
of j o i n t s ,  l i n k s  and o t h e r  riser campDnents. 

10)  The AFTON c m p u t e r  prcgram be a p p l i e d  t 3  a complete 
riser model using material p m p e r t y  and cmponen t  
perfmmance data as determined i n  ( 9 ) .  

11 ) Experimental  impact s t u d i e s  be c m d u c t e d  u s h g  
complete riser system specimens i n  m d e r  t ha t  the 
effect  of the t r u e  boundary c o n d i t i m s  be as- 
c e r t a i n e d .  

1 2 )  That the data obta ined  i n  ( g ) ,  (10) and (11) be  
used t o  deve lop  a q u a l i f i e d  method far dynamic 
a n a l y s i s  of p i l o t  parachute risers. 
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Ai’EEI !DIX A 

S’JYJiAFY OF A P O i X  PEiiIAL DR9F TESTS 

The following t a b l e  c o n t a i n s  a siimmary 3f t h e  Ap3llo a e r i a l  drop 
t e s t s  t h a t  have been  condLicted ts da te .  T h i s  1nfDrmatlon can b e  
used as a qr-lick re ference  t o  f ind the tes t  3bJec t ives ,  t y p e  Df 

veh ic le ,  parachr~te versiDns, and rzcorded loads f o r  any p a r t i c u l a r  
drop tes t .  The l i s t e d  re ferences  i n d l c a t e  where t h i s  da ta  was 
obtainea and where add i t iona l  da t a  may b e  fDund. 

Three t y p e s  cf’ r epor t s  a r e  used  t o  recprd the  drop t es t  information: 
Paradynamics Technical Kemoranda (PTM), F l i g h t  Test  Reports (E’TR j, 
and Xorthrop Ventrira Reports (WR ). 

The Paradynamics Technical Memorandums and the ; ; w t h m p  ‘Jentura 
Reports a r e  formalized r epor t s  r:lhich were used t o  compile t h e  i n -  
formation result ing from the  Apollo drop t e s t  program. The Para- 
dynamics Sys tems  Sec t ion  was respDnsible f9r p r e p a r i n g  the PTM’s, 
and the F i e l d  T e s t  Branch was i n  charge of the preparat ion of  t h e  
NVR’s. F l i g h t  T e s t  Reports are da ta  packages which ?onta in  t e a t  
ob jec t ives ,  test  da t a ,  and pos t - t e s t  evaluat ion o f  a e r i a l  drop 
tests. These r e p o r t s  wert prepared by t he  Analytical  Engineeying 
Bra tic h , 

Reference is sometimes made t o  tests a s  being p a r t  of Block 1, 
Block I1 or Block I1 ( H ) ,  
are as follows: 

The t e s t s  assoc ia ted  w i t h  these blockc 

Block I 
Block I1 
Block I1 ( H )  

T e s t  Series 1 t h r u  62 and 71 
Test Series 70 and 73 
T e s t  S e r i e s  80 t h r u  99 
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APPENDIX B 

EXAMPLE M A E G I N  OF ZAFETY CALCULATIONS FOR T I E  APOLI-0 
MAIN PARACHUTE 

Margin 01' safety ca lcu la t ions  f D r  m e  deslgn m n d i t i o n  f o r  t h e  

Apollo main parachute, and a comparlsDn w i t h  the values g i v e n  
i n  the Block I1 ( H )  s t r e s s  ana lys i s lg  a re  presented I n  t h i s  
appendix t o  i l l u s t r a t e  the refinements i n  parach,.ite s t ruc tu ra l  
ana lys i s  made possible by t h i s  s t u d y .  

Design loads a re  based on the  maximum loads f o r  the one-drogue, 
two-main ( I D / 2 M )  entry condition mmputed i n  Appendix C of 
Volume 1.l 
stage loads i s  constructed ana ly t i ca l ly  w i t h  the aid o f  d r s p  
t e s t  f i lms and load t races  from representat ive f l f g h t  conditions 
and conf lguration. Canopy d i f f e r e n t i a l  pressure d i s t r ibu t ions  
a r e  estimated from shape data  observed i n  drop test films and 
from the wind tunnel data af Reference 20. The uncertaini ty  
In  t h i s  parameter i s  s a t i s f a c t o r i l y  resolved by ? p p i . r i r q  a s e t  
of pressure d i s t r i b u t i o n  curves t h a t  covers the range t h a t  can 
be  reasonably expected t=, w c u r .  Loadings f o r  a l l  elements o f  
the canopy s t r u c t u r a l  model (see Section 4.3.1) a re  compcted by 
means of program CANO. Safety f ac to r s ,  temperature degradation 
f ac to r s ,  and j o i n t  e f f i c i enc ie s  a r e  taken from the B l w k  I1 ( H )  
stress analysis ,  Reference 19, pp 281-292. 

A load-time his '3ry corresponding t o  these maximum 

RISER LOADING 

The design ult imate loads f o r  the  one-drogue, two-min entry 
case a r e  obtained by m u l t i p l y i n g  the l i m i t  loads canputed i n  
t h i s  s t u d y  (Appendix C of Volume I)  by a safe ty  f a c t o r  of 
1.35. The t ab le  below gives  the new loads used i n  t n i s  analysis ,  
and also  t h e  corresponding values, f o r  comparison, from Reference 19. 
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Design Ultimate L m d s  - lW2Y Entry C m d i t i o n  

Xes L O S ~  Old Loa5 
(1.35 x L i m i t  Load 

f ron  Volume I )  
(Fror Reference 15) 

F i r s t  stage 25,200 l b  
Secmd Stage 24,800 lb 
0 pen 25,200 l b  

27,350 l b  
31,600 ik 
29,700 ib 

For t h i s  ana lys i s ,  i n t e r n a l  loads are computed a t  c r i t i c a l  t l m e  
I n s t a n t s  thmwhout the cpening pmcess. These events,  ca l l ed  
i n f l a t i o n  states i n  t h i s  a n a l y s i s ,  correspond t=, the  i n f l a t i s n  D f  

the individual  sa i l s .  PDF example, I n f l a t i o n  S t a t e  1 3cctirs j u s t  
as Sail 1 i n f l a t e s  and ceases t3  f lu t te r  randomly. By identifying 
t h i s  event i n  d m p  t e s t  f i l m s  and cDrrelating the  t'.ming with 
load traces, the f r a c t i o n  Df the maximum stage load present a t  
each i n f l a t i o n  s ta te  can be established. Design loads are ob- 
tained by m b l t i p l y l n g  the  stage design load by t h i s  f ac to r .  
Table €3-1 summarizes t he  design loads  used i n  t h i s  a n a l y s i s .  

I n f l a t i o n  
State 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Table B-1 
Frac t ion  of 
Max. Stage 

.741 

.Bo6 

.8& 

Load 

1-00 
.819 

0 e19 
591 

- 645 
07% 

1.OOO 
952 

1.00 

Llesign 
U1 t ima te 
Load, lb 
18, 670 
20,310 
22,200 
25,200 
20,310 
24 , 800 
24,830* 
24,800* 
16,250 
20,030 
25,200 
23 8 990 

Maximum load 1s app l i ed  throughout l a t t e r  por t ion  of t h i s  stage 
t o  ccver uncer ta in i ty  rn in f la t ion- t ime h i s to ry .  
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PRESSURE DISTRII3IJTION 

Pwgram C A N 0  pmpDrtiDns l x a l  pressure a c t i n g  sn each element 
i n  accordance w i t h  any sDecified d i s t r i b u t i a n  c ~ r v e  and adJ l i s t s  
3 v e r a l l  magnitude t:! balance t h e  a p p l i e d  riser k a d .  - . ‘ar ia t i r4ns 
i n  the shape D f  the  pressi‘re curve have a first D r d e r  e f f e c t  3n 
$he stresses i n  i n d i v i d u a l  elements.  E?eca::se 3f t h e  many p r a c t i c a l  
pmblems involved i n  d i r e c t  measurement o f  d i f f e r e n t i a l  press::res 
i n  i rf latiw parachiites,  n3 measurements were made dLir i rg  the 

Apollo t e s t  pmgrams. Some knowledge o f  t h i s  parameter has b e e n  

gained i n d i r e c t l y  fmm d m p  test  p f n t s g r a p h i c  coverage by comparing 
observed campy shapes w i t h  shapes  computed by the CAN0 computer 
prcg~zm, :!sing assumed d i s t r i b u t i 2 n  curves (see Sectiqr. 4.3.3‘. 
Fressure measurements made by k l z i g  *OS2’ i n  wind tunne l  and 
f l i g h t  tests, while nDt d i r e c t l y  app l i cab le  t o  the Ap9llo para- 
chu tes ,  provirle g e n e r a l  knowledge o f  t h e  v a r i a t i o n s  i n  p r e s s u r e  
d i s t r i b u t i o n  d u r i n g  i n f l a t i o n .  However, the a v a i l a b l e  data is 
rmt considered accurate enough f z r  p r e d i c t i o n  o f  precise 9ressure 
d i s t r i b u t i o n s  f D r  use i n  the stress a n a l y s i s .  T:, p m v i d e  a c3n- 
s e r v a t i v e  a n a l y s i s ,  a c m p r e n e n s i v e  set  D f  d i s t r i b u t i o n  curves 
t h a t  cDvers the  w w s t  cases t h a t  can  be reasanably  expected tc 
occur  is  a p p l i e d  f o r  each i n f l a t i o n  state. ;he fami ly  o f  c s r v e s  
shDwn i n  F igure  B-1 r e s u l t e d  f m m  shape a n a l b s i s  o f  Apollo d rop  
test f i l m s ,  f m m  Xelz ig ’ s  tes t  results 20,21, and frm a compcter 
s t u d y  3f t h e  effect  o f  p r e s s u r e  d i s t . r i bu t ion  curve  shapes on i n -  
ternal loading .  As shown i n  F igure  B1, a pressure peak is a p p l i e u  
a t  vs r io i l s  l o c a t h n s  i n  the i n f l a t e d  p o r t i o n  of the  canopy fmn 
the  v e n t  t=, the leading edge. p3r each i n f l a t i o n  s ta te ,  load  
c a l c u l a t i o n s  fdr the e n t i r e  campy  are made f o r  a number of pres- 
sure cu rvesb  selected t o  g i v e  peak pressures on each s a i l  i n  t u r n .  
T a b l e  B-2 g i v e s  a summary of the  results o f  these c a l c u l a t i o n s  i n  
t h e  form o f  load - s t r eng th  r a t i o s  (appl ied loaa  f rated strength) 
f3r the  c r i t i c a l  element of each s a i l  for t h e  loading c m d i t i o n s  
considered.  
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Table B-2 S a i l  Load-Strength Rat ios  



?able B-2 (Concluded) 

Sail  Number h a d  I Pressure I 

i I 
i -19 -19 .12'.04 
-18 -19 .16 -06 
-16 -17 -16 -13 

1.14 .16 .16 .16 
~ - 1 4  .15 .15 .18 

.18 .19 .19/.19 
l . 1 3  1 .14 -15 .19 .22 I .19 -101 -04 T- ;--- 

01 
-01, I 

-04.1 -02 
.16! -18 -18 

23 1 --- 
0011 .oli I 

. 20 -22 1-13 

-31 .26 
-34 -32 
033 035 
029 033 

--. ... 

I 1 5 1 . 1 5  

.28j .io 

253 NVR-6432 



MARGINS OF SAFETY WITH NEX LOADS 
The c r i t i ca l  load-strength r a t i o s  from the  CAN0 so lu t ions  a r e  
used, together w i t h  j o i n t  e f f i c i e n c i e s  and design f a c t o r s  from 
the Block II(H) stress a n a l y ~ i s ’ ~ ,  t o  compute the  margins of 
safety f o r  the major canopy components. 

J c i n t  E f f  x Thermal Factor x Abrasion Factor - 
MS = Load-Strength RatLo x Unsym. Load Factor 

Corresponding margins fmm Reference 19 are a l s o  shown f o r  
comparison. The di f fe rence  i n  t h e  compared margins is due to  
the revised load input  values and the  ref ined stress analysis .  

Sails 

The c r i t i c a l  load-s t rewth  r a t i o s  shown i n  Table B-2 are used,  
together w i t h  the design f a c t o r s  listed below, t o  calculate the 
margins shown i n  Table B-3. 
Design factors :  

J o i n t  Ef’f iciency 0.55 Thermal Factors 
Abrasion Factor 1.co F i r s t  Stage 0.87 
Unsym. Loading 1.B Second Stage 0.92 

Open 0.94 

Table B-3. Sail Margins of Safety with New Loads 
Sail Number Margin of Safety 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1st Stage 2nd Stage 
015 .48 
-22 ( .OS)*  . 40 

h igh  .go 
m 8 2  
.89 

63 .67 (. i W  

1.6 

Open 
1.5 
1.2 
1.0 
1.05 . 69 . 46 . 40 

high 43 
58 

.72 (.lo)+ 
1.2 
h igh  

* Values shown i n  parenthesis  ( ) are margins givtm i n  Reference 
19 f o r  the  1 D R M  e n t r y  condition. 
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Suspension Lines 

Maximum suspens ic i  l i n e  loads f rox  the ca l cu la t ions  dicussed 
above a r e :  

F i r s t  s tage  371 i b  

Second stage 367 l b  
T h i r d  stage 379 l b  

Rated s t r e n g t h  and d e s i g n  f a c t o r s  from Reference 19  a re :  

Rated s t r eng th  650 l b  

J o i n t  e.”ficiency 0.86 
Thermal factors 

F i r s t  stage 0.87 
Second s t age  0.92 

f Open 0.94 

Abrasion f a c t o r  0.96 
Unsymmetrical loading 1.05 

Margins of Safety w i t h  New Loads 
Prezent Analysis From Reference 19 

F i r s t  stage 0.20 

Second s t age  0 -28 0.0 
Open 0.27 

S k i r t  and Vent Sands 

Maximum loads computed f o r  t h e  s k i r t  and vent bands f o r  t h e  f u l l  
open, s p l i t  gore condi t ion  are: 

S k i r t  band 1240 l b  

Vent band 3590 l b  

Rated s t r e n g t h  and design factors from Reference 19 are: 

Rated strength S k i r t  band 2400 1. 
Vent band 5200 . 
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i! 2oint cff'iciency d /  

Abrasion 0 . ' '  

Thermal 0.96 

a,: 

Margins of Safety Kit!-, i i e w  Loads 

S k i r t  band = 9.69 
Vent  band = O . T /  

Corresponding valaes a rc  not shown i n  RefeL-ence 19 slnce che 
erktry condition was not c r i c i t a l  for these members. 

Radial Tapes 

Maximum r a d i a l  tape loads f roc  the previous ca lcu la t ions  are:  

F i r s t  s tage 381 lb 
Second s tage 415 lb 
Open 379 I b  

Rated s t rength  and design f ac to r s  from Reference 19 are: 

Rated s t rength 2 X 350 = 700 lb 
J o i n t  e f f ic iency  9.89 
Abrasion f a c t o r  0.96 
Unsymmetrical load 1.05 

Thermal 

F i r s t  stage 0.8-/ 
Second s tage 0.92 

Open 0.96 

Margins of Safe;y with New Loads 
Present Analysis From Reference 19 

F i r s t  stage MS = .30 
Second stage MS = .26 O? 
Open MS = .44 
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CONCLUDING REMARKS 

This analys is  could be extended t o  other  design cases where 
applicable empirical data ( load- inf la t ion  h i s to ry )  is ava i lab le .  
It is of i n t e r e s t  to  note here t h a t  the ca lcu la t ions  for each 
of the 68 solut ions reported i n  T a b l e  B-2 would have required 
approximately one man-week of e f f o r t  w i t h  t he  ana lys i s  too ls  
ava i lab le  a t  the beginning of t h i s  s t u d y .  Wi th  program CANO, 
addi t iona l  solut ions (once t h e  s t r u c t u r a l  model i s  s e t  up) a re  
obtained by a s ingle  punched card i n p u t .  Execution time on a 
large d i g i t a l  computer (IBN 360/65)  averages less  than  two 
minutes  per solution. 

- 

The example case (one-drogue, two-main, e n t r y )  is presented t o  
i l l u s t r a t e  the improved s t r e s s  ana lys i s  made possible by t h i s  

s t u d y .  The foregoing MS ca lcu la t ions  a r e  therefore intended t o  
provide an i l l u s t r a t i o n  of the techniques and not t o  e s t ab l i sh  
o f f i c i a l  changes i n  the Apollo ELS margins of sa fe ty  of record. 
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